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ABSTRACT OF DISSERTATION

THE ROLE OF CHARGE ON DNA PACKAGING AND INTEGRITY WITHIN
RECONSTITUTED PEPTIDE-DNA ASSEMBLIES
In nature, DNA exists primarily in a highly compacted form. The compaction of
DNA in vivo is mediated by cationic proteins; histone in somatic nuclei and arginine-rich
peptides called protamines in sperm chromatin. The packaging in the sperm nucleus is
significantly higher than somatic nuclei resulting in a final volume roughly 1/20th that of a
somatic nucleus. This tight packaging results in a near crystalline packaging of the DNA
helices. While the dense packaging of DNA in sperm nuclei is considered essential for both
efficient genetic delivery as well as DNA protection against damage by mutagens and
oxidative species, the degree to how the DNA packaging directly relates to DNA protection
in the condensed state remains poorly understood. It is known that protamines are initially
phosphorylated by kinases and later, after protamine complexation with DNA, extensively
dephosphorylated in the late stages of spermatogenesis before spermatozoa enter the
epididymis. The observance of phosphorylated protamines in mature sperm is thought to
arise due to partial or complete failure of protamine dephosphorylation during sperm
maturation. It is thought that alteration of the phosphorylation/dephosphorylation process
of protamines likely impacts DNA packaging in sperm cells negatively and thus, allows
greater access to radical damaging species to accumulate and degrade sperm DNA.
In this dissertation, my research focuses on the role of polycation length, or
equivalently charge, and phosphorylation on DNA packaging and DNA integrity within
reconstituted sperm chromatin-like structures. Specifically, in chapter 2, we studied how
different polycation chemistries and lengths altered the packaging of DNA and
susceptibility to free radical damage within condensed DNA nanoparticles. This work
reveals that the polycation dynamics, not simply the resulting DNA packaging density,
plays a significant role in the resulting DNA integrity to insult by free radicals within the
condensed DNA phase. In chapter 3, we investigated the impact of phosphorylation as a
posttranslational modification on sperm chromatin structure. We systematically
investigated on how protein chemistry, specifically the incorporation of either neutral or
negatively charged phosphorylated amino acids into protamine mimic peptides, can be
used to control the DNA-binding capacity, resulting DNA packaging density, and the
resulting free radical-induced damage within DNA condensates. These studies show that
phosphorylated amino acid residues are particularly effective in reducing DNA packaging

density resulting in significantly higher accumulation of Fenton chemistry mediatedradical damage to the DNA. We also show that while radical scavengers ameliorate DNA
damage, this is attenuated in DNA packaged with a phosphorylated oligoarginine peptide.
Testes and spermatogonia are known to be more sensitive to ionizing radiation than other
types of cells present in the body likely due to a lack of antioxidant enzymes and DNA
repair. Radiation exposure can damage DNA both by direct ionization as well as generation
of hydroxyl radicals that damage DNA. In Chapter 4, we directly studied the impact of Xray irradiation on DNA damage within reconstituted peptide-DNA assemblies. Using our
protamine mimic oligopeptides, we show the incorporation of negatively charged moieties,
such as residual phosphorylation of protamines within sperm chromatin, results in
significantly higher rates of damage to ionizing radiation. Using bacterial transformation
assay, we also show a 3-fold decrease in viability of irradiated plasmid extracted from
peptide-DNA assemblies containing a phosphoserine residue. The findings in this
dissertation shed more insight into understanding how polycation chemistry modulate
DNA packaging and accessibility to free radical damage.

KEYWORDS: Polycation, Protamine, Sperm chromatin, DNA packaging, DNA damage,
Phosphorylation
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CHAPTER 1. INTRODUCTION TO DNA STRUCTURE, PACKAGING,
AND OXIDATIVE DAMAGE IN SPERM CHROMATIN

1.1

Introduction

Infertility is a global problem that affects roughly 15% of couples with male factor
estimated to account for about half of all infertility cases.1, 2 Semen analysis is the most
widespread used index of accessing fertility status in men.3 Recently, Levine et al4 reported
in a review of the literature that sperm count has reduced by over 50% over the last 40
years in Western countries. Beyond just semen analysis, it is now known that sperm DNA
fragmentation (SDF) is an important causative factor in male infertility. In addition, SDF
is also considered a key factor for assessing clinical outcomes for patients undergoing
assisted reproductive technology. This has led to an increased interest in assessing SDF
when screening sperm for fertility treatment. Current approaches in SDF screening detect
both single and double strand breaks to DNA. More recently, it is increasingly being
understood that oxidative stress in sperm also contributes to DNA damage. Of particular
interest is the oxidation of DNA nucleobases that may not necessarily result in DNA strand
break. This is particularly concerning as unrepaired oxidized bases in paternal DNA run
the risk of transmitting de novo mutations to embryo. These findings emphasize the need
to further understand damage in the sperm nucleus. Taken together, a more complete
understanding of how DNA packaging affects DNA oxidation and DNA damage may be
essential for prevention, diagnosis, and treatment of male infertility.
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1.2

Deoxyribonucleic acid (DNA) structure

Deoxyribonucleic acid (DNA) is a negatively charged polyelectrolyte present in all
self-reproducing cellular organisms on Earth. DNA plays a critical role in the normal
physiology of living organisms. DNA carries and stores the hereditary information of the
organism. DNA serves, therefore, as an information store house that ultimately directs
protein synthesis. 5 Since all cells use DNA to store their genetic information, is it key to
maintain the DNA stability and integrity in vivo. To better understand the function of DNA,
it is important to understand DNA's structure and how it is packaged in cells.
DNA was first identified in 1869 by the Swiss biochemist Johann Friedrich
Miescher. He named this biomolecule ‘nuclein’ as it could only be precipitated from nuclei.
Miescher also hypothesized that it may be the material responsible for hereditary.

6, 7

Several years later, Albrecht Kossel identified the 5 nucleobases present in nucleic acids guanine (G), adenine (A), cytosine (C), uracil (U) and thymine (T). Kossel also identified
the presence of a sugar molecule, that he suspected to be a pentose, as a part of nucleic
acids. The basic organizational model of DNA structures as we know it today was finally
discovered in 1908 by Phoebus Levene who discovered that nucleic acids are composed of
nucleobases linked to a ribose sugar via a glycosidic bond, as well as a phosphate8 as shown
in Figure 1.1. Levene further suggested that this triplex of base-sugar-phosphate may form
nucleic acids of higher order.
It is now known that Levene’s hypothesis of the possibility to form higher order
nucleic acid structures is correct. At the first level of organization, precise base pairing of
the nucleobases exists with adenine and thymine typically base paired together, and
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guanine and cytosine base paired. (Figure 1.2). These base pairs are stabilized by the
formation of specific hydrogen bonding between nucleobases on opposite strands. While

Figure 1.1 Chemical composition of the four nucleotides that make-up DNA. The 3
components – nucleobase, deoxyribose sugar and phosphate are shaded in adenine. The
glycosidic bond linking the nucleobase to sugar is also shown for adenine.

3

Figure 1.2 Complementary base pairing of nucleotides in DNA. Adenine (A) and Thymine
(T) form two hydrogen bonds, while Guanine (G) and Cytosine (C) form three hydrogen
bonds

4

the A - T base pair is stabilized by 2 hydrogen bonds, 3 hydrogen bonds stabilize the G C base pair. In its native form, DNA consists of two polynucleotide chains coiled around
each other in a helical manner. Both chains are composed of nucleobases attached to a
sugar-phosphate backbone. These chains usually run anti-parallel to each other with the 5’
end of one chain paired with the 3’ end of the other chain.9 The DNA helix (Figure 1.3)
has about 10.5 base pairs per turn, measuring 3.4 nm. Each base pair is separated from the

Figure 1.3 DNA double helix showing typical dimensions. DNA helix is composed of 2
polynucleotide chains running antiparallel to one another. While one chain runs in a 5’ to
3’ direction, its complementary chain is in a 3’ to 5’ orientation to it.

5

next by 0.34 nm. In the most common B form, the DNA double helix has a diameter of 2.0
nm. These DNA helix dimensions are depicted in Figure 1.3. The average length of a
human cell’s DNA is about two meters long and must fit into a cell nucleus with a diameter
of about 10 micrometer.10-12 To achieve this high level of compaction, DNA forms
complexes with proteins.

1.3
1.3.1

Principles of DNA compaction and condensation
DNA packaging in somatic cells

A typical human total genome consists of about 3 billion base pairs packaged into
23 chromosomes. Two copies of each of these 23 chromosomes is found in the nucleus of
every cell of our body. The DNA in these chromosomes when taken together measures
nearly 2 meters in length yet must fit in a nucleus that is approximately 10 µm in diameter.
To achieve this high degree of compaction, DNA forms complexes with cationic proteins.
In somatic cells, these proteins are classified as histone and non-histone proteins; with the
histones being the major proteins involved in DNA packaging. These DNA-histone
complexes are referred to as chromatin.13
In eukaryotes, the basic repeating structural unit of chromatin is the nucleosome,
where DNA is wound around proteins known as histones (Figure 1.4). Histones are small
positively charged proteins rich in the basic amino acids lysine and arginine.13 They are
generally classified into two groups as core or linker histones based on the positions they
occupy when bound to DNA. The core histones are of 4 types; H2A, H2B, H3 and H4
while the linker histone is H1. Complexation of DNA is carried out by eight core histones
6

Figure 1.4 DNA packaging in somatic cells. DNA polynucleotide strand is first packaged
by histones and ultimately into structures known as chromosomes.
Source: http://xoax.net/mediaGallery/Chromatin-dat-364
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made up of 2 copies each of H2A, H2B, H3 and H4.13-15 The presence of lysine and arginine
residues in these histones, confer a net positive charge that are electrostatically attracted to
the negatively charged phosphate backbone of the DNA. This favors tight binding between
DNA and histones and hence, the compaction of DNA to occupy a significantly smaller
cellular volume. About 146 DNA base pairs wraps around each octamer of core histone
proteins about 1.65 times in a left-handed superhelical manner to form a structure known
as nucleosome core particle (NCP).11, 13, 16, 17 NCPs are linked by additional variable length
of DNA sequences called linker DNA. An NCP together with linker DNA adjacent to it
makes up a nucleosome.13
Repeating sequences of NCPs and linker DNA regions give the appearance of
‘beads on a string’ with the NCPs as the ‘beads’ and the linker DNA as the ‘string’.13, 18
The bead on a string structure of nucleosomes shortens the DNA length approximately
seven-fold and is the first line of cellular DNA packaging in somatic cells.18 Further
packaging is supported by the H1 histones which bind to the linker DNA and nucleosome.14
This brings several adjacent nucleosomes close together and results in coiling to form
shorter thicker fibers known as “30-nanometer fiber”.18, 19 These fibers adopt a zig-zag or
solenoid conformation.18, 20, 21 The 30 nm fiber is then further compacted, by mechanisms
that are still poorly understood, resulting ultimately in a mitotic chromosome.

1.3.2

DNA packaging in sperm cells

The mature sperm cell is morphologically and physiologically unique. It is the
smallest mammalian cell22 and is the only cell designed for transfer from one mammal to
another. DNA packaging in mature sperm cells is therefore very different from that of
8

somatic cells. Its small size emphasizes the need for efficient packaging of DNA into a
significantly smaller volume compared to somatic cells.
The biological process of sperm cell development is known as spermatogenesis.
Spermatogenesis is a complex process as the originally undifferentiated diploid
spermatogonium cell is carefully evolved into a highly specialized spermatozoon (Figure
1.5a).23, 24 Successful sperm chromatin remodeling during spermatogenesis is multi-step
with the proteins complexing sperm DNA changing over time. Mature, motile sperm are
created during spermiogenesis, the final stage of spermatogenesis. Immature sperm cells,
like all somatic cells, start with histone-bound DNA. During spermiogenesis, the sperm
histones of mammals are replaced first by transition proteins (TPs) which are then
ultimately replaced by short arginine-rich peptides called protamines25, 26 (Figure 1.5b).
The removal of histones is usually aided by post translational modifications (PTMs) to
histones. Acetylation, phosphorylation, and ubiquitination are well studied PTMs that have
been shown to aid histone displacement from maturing sperm DNA.25, 27 Estimates place
the final volume of the sperm chromatin as roughly 1/20th that of a somatic nucleus.28 The
near crystalline DNA compaction by protamines renders the mature sperm cell
transcriptionally inactive.29
During the maturation process, the sperm cell evolves to create a highly specialized
cell. Once mature, it does not grow or divide.24 Maturation of the sperm cell involves
cytoplasmic rearrangements that result in loss of excess cytoplasm via phagocytosis.30
Overall, spermatogenesis is a lengthy process. In human males, this process is complete in
~ 60 - 75 days.24, 30 Hence, the mature sperm cell is essentially an aged cell. The loss of
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most of its cytoplasm ensures that cell repair mechanisms are not active. The loss of DNA
repair in sperm therefore necessitates a very controlled packaging of sperm chromatin for
proper function.

Figure 1.5 Chromatin changes during spermatogenesis. (a) Spermatogenesis involves
multiple cell division steps that begins with a spermatogonium and culminates in a haploid
sperm cell after spermiogenesis. (b) During spermiogenesis, protamines replace histones
resulting in near crystalline compaction of DNA into toroidal structures.
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1.3.3

DNA condensation in vitro

In the presence of polycations, typically of charge +3 or higher, DNA is well known
to undergo a dramatic collapse into nanometer sized structures.31-34 DNA condensation was
shown to occur when ~90% of the DNA charge has been neutralized in solution. After
condensation, the DNA helices are packaged into a dense, near-crystalline structure that
results in a significant reduction of the volume it occupies in solution.35 Estimates show
that condensed DNA occupies about 0.01% to 0.0001% of the volume of uncondensed
DNA in water.36 Polycation condensed DNA has been shown to form donut-shaped
toroids.33 Inside the toroid, DNA helices are packaged in a near-crystalline, hexagonal
lattice. Despite this dense packing, DNA helix surfaces remain separated by ~ 7-12 Å of
water due to a balance of long-range attractive and short-range repulsive forces in the
condensate.32 Examples of polycations that have been studied include the naturally
occurring polyamines spermine, spermidine and their analogues37, 38, hexamminecobalt
(III) ion39, and oligopeptides.40
In addition to toroids, reconstituted DNA has also been shown to form globules or
rods, depending on the nature of the condensing agent and conditions employed.41, 42 DNA
in globules and rods, however, are still packaged locally in a hexagonal array.
Reconstituted protamine-DNA condensates have also been shown by AFM to form toroids
nearly identical to those formed in vivo in the sperm.28,

41, 43

Reconstituted systems,

therefore, serve as excellent models for exploring different structural features of sperm
chromatin.
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1.4

Protamines

Protamines are short highly basic peptides responsible for packaging DNA in sperm
nuclei.

Depending on species, protamines are typically 30-70 amino acids long.

Protamines are highly charged containing ~50-80 % arginine residues while containing
little or no lysine.31, 44, 45 The arginines in protamines mostly occur in clusters of 3-11
residues in a central DNA-binding domain flanked on both sides by regions containing
serine and threonine residues which are sites for phosphorylation. As discussed below,
protamines from eutherian mammals also have multiple cysteine residues capable of
forming intra- and inter-protamine disulfide bonds upon successful sperm chromatin
remodeling.46-49
In mature sperm cells, protamines make up about 85-97 % of the proteins bound to
DNA with the remaining proteins being sperm-specific histones and other protamine-like
proteins.44, 45 Protamines are thought to bind to the major groove of duplex DNA with one
protamine molecule bound to 10-11 base pairs.27, 28, 44, 50 Upon binding, DNA condenses
resulting in the formation of toroidal (doughnut-like) structures that contain about 50-60
kb of DNA per toroid.48, 50 This torus structural formation by protamines yields a compact
arrangement of DNA that fits into a sperm nuclear space twenty times smaller than a
somatic nucleus28 and about 6-7 times more compact than histone DNA packaging in
somatic cells.27, 51

1.4.1

Protamine differences across species

Several differences exist between protamines in different animals. Much of what is
currently known about protamines have come from studies involving piscine (fish) and
12

select eutherian mammalian protamines such as human, mouse, or bull. Here we will give
a brief description of the key differences between mammalian and piscine protamines.
Most, but not all, mammals express two protamines termed protamine I (P1) and
protamine II (P2) that are capable of packaging DNA. P1 is the major protamine present in
all mammalian sperm cells. P2 is absent in some mammals, such as bull and boar,28, 44, 46,
48, 49

although it is known that they contain coding sequences for P2. For bull, it is believed

that failure to express P2 is due to mutations that prevent P2 transcription and translation44.
Both mammalian P1 and P2 are typically longer than piscine protamines with mammalian
protamines being typically around 50-60 amino acids long (Figure 1.6).46,

48, 52

Mammalian protamines are highly basic with ~50-60% of the residues being arginine. As
the dominant species, placental mammalian P1 has been the most studied and is known to
have a structure that consists of three domains: a central arginine-rich, DNA-binding
domain in between two cysteine-rich domains at the carboxy and amino terminal ends.48,
50, 52

The presence of cysteine-rich domains in mammalian protamines result in the

formation of disulfide bonds between and within protamines.
Fish, in contrast, typically express just P1 with piscine protamines generally being
shorter than those from mammals. For example, salmon protamine is 33 amino acids long
while herring express three kinds of protamines; Y1, Y2 and Z which are 30 or 31 amino
acids long.26 The piscine protamines contain a higher fraction of arginines when compared
to mammals with approximately 65 – 70% of the protamine residues being arginine.26, 46
The DeRouchey lab, and others, have noted however that the arginine-rich DNA binding
domain of mammalian P1 has a similar sequence identity and fraction arginine as piscine
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protamines.53 In contrast to eutherian protamines, piscine protamines do not contain
cysteine residues.

Figure 1.6 Primary sequence of some select piscine and mammalian protamines.
Protamines are arginine-rich peptides. Most arginines in protamines exist in clusters of 3
or more arginine residues. Unlike fish protamines, mammalian protamines contain cysteine
residues most commonly in the amino and carboxyl terminal ends.

1.4.2

Synthesis and processing of protamines

Although a chromosomal protein, protamines are synthesized in the cytoplasm of
testes cells. Immediately after synthesis, protamines are translocated to the nucleus where
they bind DNA.54,

55

Protamines, like other proteins, are subject to post-translational

processing. In this section, we will briefly discuss some of the most common posttranslational modifications (PTMs) known to occur on protamines.
During maturation, protamines undergo a variety of PTMs include methylation,
acetylation, phosphorylation, and disulfide bond formation.56,
14

57

PTM processing of

protamines appears to be deliberate and non-random. These PTMs are believed to modulate
protamine structure and function in diverse ways. Brunner et al57 showed that in mice,
while acetylation and methylation can co-occur on a protamine molecule, phosphorylation
and acetylation are exclusive on the protamines they modify. The reason(s) for this curious
observation remains unexplained but may point at the existence of a ‘protamine code’ in
the zygote after fertilization. In addition to these PTMs, proteolytic processing is also
known to occur for mammalian P2 protamines. While P1 protamines are synthesized as
full-length peptides, P2 protamine for placental mammals are typically synthesized in a
longer precursor form. After cleavage of the N-terminus, the active P2 peptide is formed.
58-60

One of the most important protamine PTMs is the use of phosphorylation and
dephosphorylation of serine, threonine and tyrosine residues (Figure 1.7). Immediately
after synthesis, protamines are extensively phosphorylated before binding to DNA.61 Louie
and Dixon showed that protamine phosphorylation may begin within 5 – 10 minutes of
protamine synthesis.62 Protamines are phosphorylated in the cytoplasm before their
translocation to the nucleus where they bind DNA.63, 64 Both P1 and P2 protamines are
phosphorylated, however they use different kinase enzymes to achieve this. P1 is
phosphorylated by SR protein-specific kinase 1 (protein kinase A), while P2 is
phosphorylated by Ca2+/calmodulin-dependent protein kinase IV (protein kinase C).63, 65
After binding DNA, during nucleoprotamine maturation, the protamines are
dephosphorylated.62, 64 It is thought that protamine phosphorylation-dephosphorylation is
a dynamic process that continues until correct nucleoprotamine complex is formed.61 Oliva
and Dixon66 suggest that phosphorylation of protamines cause them to act as a ‘plasticizer’
15

Figure 1.7 Protamine phosphorylation-dephosphorylation post translational modification.
Protamines are phosphorylated shortly after synthesis in the cytoplasm and then
dephosphorylated later in the nucleus after binding DNA. Dephosphorylation of
protamines in DNA- protamine complexes leads to tighter DNA packaging.

that modulates protamine interaction with DNA. Since protamine phosphorylation
significantly decreases their binding to DNA64, they proposed that incorrectly formed
phosphorylated protamine-DNA complexes can resolve and reform. Only after correct
nucleoprotamine

complexes

formation

are

the

protamines

then

completely

dephosphorylated, leading to increased DNA-protamine ionic interaction and sperm
chromatin stability.46, 61, 66 The presence of phosphorylated protamines have however been
detected in mature spermatozoa of several mammalian species.65,

67, 68

This indicates

incomplete dephosphorylation of the protamines in vivo. The presence of residual
phosphates in protamines have been linked with infertility.69
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For mammalian sperm chromatin, another critical PTM is disulfide bond formation
resulting in intra- and intermolecular disulfide linkages (Figure 1.8). Bull protamine P1
was shown to form a hairpin shape with four cysteines involved in making intramolecular
disulfide bonds and three cysteines per protamine involved in making disulfide linkages.70
The formation of these protamine linkages is thought to be critical to the tight packaging
and stability of the mammalian sperm chromatin. Prior work by the DeRouchey lab
examined the role of disulfide bonds on bull sperm chromatin packaging using X-ray
scattering techniques. Surprisingly, upon reduction of the intramolecular S-S bonds, tighter
DNA packing was observed. Complete reduction of the inter-protamine S-S bonds
ultimately leads to decondensation suggesting that disulfide-mediated secondary structure
is also critical for proper nucleoprotamine function.46

Figure 1.8 Bull protamine P1 hairpin shape. Bull P1 has 7 cysteine residues. Four of its
cysteine residues form a hairpin loop with 2 intramolecular disulfide bond linkages. Other
cysteine residues form intermolecular disulfide bonds with adjacent protamine molecules,
and further tightens DNA packaging.
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1.4.3

Functions of protamines

Protamines have been proposed to serve several functions in vivo. The two most
obvious functions include condensing the paternal genome for gene transport and
protecting of the genetic material within sperm chromatin. Efficient condensation of
paternal genome into the sperm head yields a hydrodynamic structure that is crucial for
fertilization.71 Tight packaging of sperm DNA by protamines restricts access of nucleases
and other chemical species to the paternal genome.72 Beyond these two functions, other
potential functions have been proposed. Protamines are also thought to play a role in
epigenetic imprinting of the paternal genome. Recent evidence have correlated reduced
sperm DNA methylation with recurrent pregnancy loss.73 Another proposed function of
protamines is that of a checkpoint marker during spermiogenesis, with abnormal protamine
expression leading to elevated level of apoptosis.74 Finally, protamines are also thought to
play a role in the fertilized egg cell75. In my studies, we are most interested in understanding
how protamine dysfunctions, particularly residual phosphorylation on protamines, can alter
both the DNA packaging and protection of DNA from free radical and x-ray induced
damage.

1.5

DNA damage

DNA damage is estimated to occur on the order of several thousand per cell per
day.76,

77

The sources of cellular DNA damage may be endogenous or exogeneous.

Endogenous sources of DNA damage are typically cellular metabolic processes that
include oxidative metabolism and Fenton reaction by transition metals and hydrogen
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peroxide in vivo.78, 79 Exogeneous sources of DNA damage are environmental factors such
as ionizing radiation, ultraviolet light and various chemical agents including
chemotherapeutic drugs and cigarette smoke.77, 78 Damage on DNA may occur on either
the nucleobase, the sugar residue or on both. Damage to DNA in aerobic organisms results
in several kinds of products including oxidized nucleobases, sugar fragments, abasic sites
(AP sites), interstrand crosslinks (ICLs), as well as single or double strand breaks.77, 80, 81
Several oxygen-containing reactive oxygen species (ROS) like superoxide anion,
hydrogen peroxide and hydroxyl radical are formed in living organisms during normal
metabolic processes. Of these, hydroxyl radical is the most damaging ROS. Hydroxyl
radical attacks both the nucleobases and the sugar ring in DNA and is believed to react at
the site of production.82,

83

Hydroxyl radicals add across the double bonds in the

nucleobases or abstracts a hydrogen atom from any C-H bond in the 2’-deoxy ribose ring
or the methyl group of thymine.84 This multiplicity in sites of attack results in the
generation of a wide array of modified oxidized bases. Cadet and Wagner85 indicated that
about a hundred modified bases arising from oxidative damage to DNA have been
identified in model studies. However, only a small number of these modified bases have
been visualized in cellular DNA presumably due to difficulties in isolating certain species
at the low concentrations that they naturally occur or from modifications to the products
during the analysis process.
Guanine has the lowest redox potential of all the DNA nucleobases and is therefore
the DNA base that is most susceptible to oxidative damage. Guanine has a reduction
potential of 1.47 volts (V) vs. normal hydrogen electrode (NHE) compared to 1.94 V for
adenine, 2.09 V for thymine and 2.12 V for cytosine.86,
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The oxidation of guanine

generates 7,8-dihydro-8-oxoguanine (8-oxoG) (Figure 1.9) which has an even lower redox
potential of about 0.58 – 0.75 V vs NHE. Thus 8-oxoG is even more susceptible to
oxidation, yielding a range of additional oxidation products.87, 88 Aside redox potential,
another explanation for increased susceptibility of guanine to damage is its nucleophilicity.
Of all DNA nucleobases, guanine’s N7 position is the most nucleophilic and hence, most
prone to damage via crosslink formation arising from reaction with alkylating agents. 89, 90

Figure 1.9 Structures of guanine and 7,8-dihydro-8-oxoguanosine. Oxidation of guanine
generates its oxidative product 7,8-dihydro-8-oxoguanosine (8-oxoG)
1.5.1

DNA damage in sperm cells

The complete synthesis and maturation of a single sperm cell is a lengthy process
that takes over 70 days in humans; leading ultimately to a cell that is then stored in a highly
oxidizing environment: the epididymis.91,

92

To further complicate things, sperm cells

physiologically require some ROS for maturation and viability. ROS are required for sperm
capacitation as well as play a role in the signaling cascade that leads to sperm activation.93
In mammals, increased levels of hydrogen peroxide are required for the oxidation of
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cysteine residue thiol groups (-SH) to form disulfide bonds (-SS-) which are critical for
final DNA compaction in mammalian sperm chromatin.92
The highly specialized nature and environment of the sperm renders it especially
susceptible to damage for several reasons. The loss of a substantial portion of the sperm
cell’s cytoplasm during the maturation process depletes it of most cytosolic antioxidants
normally found in somatic cells. In addition, sperm cells have a high polyunsaturated fatty
acid (PUFA) content in their plasma membranes and are thus susceptibility to damage via
lipid peroxidation pathway.94, 95 Excess ROS leading to lipid peroxidation damage results
in a loss of membrane fluidity that affects not only the plasma membrane but also the sperm
nuclear DNA.96 Furthermore, the tight compaction of DNA in sperm renders it
transcriptionally inactive. This effectively ensures that the cell is unable to carry out routine
DNA damage repair such as base excision repair for oxidized base lesions.1, 97
Three mechanisms are thought to be primarily responsible for DNA damage in
sperm cells; abortive apoptosis, oxidative stress, and defective chromatin packaging
(protamination dysfunction). During spermatogenesis, the Sertoli cells induce apoptosis in
about 50 – 60 % of the germ cells entering the first meiotic division. The detection of
apoptotic markers such as caspases 1, 3, 8 and 9 as well as annexin V on sperm surface are
known to induce DNA degradation by DNAse.98, 99 Inefficiency of the apoptotic process
resulting in abortive apoptosis results in damaged cells that escape and proceed to defective
sperm remodeling.100
Increase in the levels of ROS beyond the normal steady state concentration
maintained by the antioxidant defense system provides the means for radicals to attack and
damage DNA. The high PUFA content of sperm cells increase their susceptibility to lipid
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peroxidation. Lipid peroxidation may be induced by hydroxyl radical or oxidation of
NADPH resulting in abstraction of a proton from a methylene group bridging the
unconjugated double bond system in the PUFA. Proton abstraction from a methylene group
of a PUFA results in rearrangement of the double bond system to form a conjugated diene
system that may react with oxygen to form a peroxyl radical (ROO.) or alkoxyl radical
(RO.). Abstraction of hydrogen from an adjacent methylene group forms the stable lipid
hydroperoxide (ROOH) as well as helps propagate a chain reaction of radical generation.
The lipid hydroperoxides in the presence of transition metals like iron and copper may also
be oxidized to generate the peroxyl or alkoxyl radical and propagate more damage to the
cell.101
Chromatin packaging during spermiogenesis is itself a mechanism responsible for
sperm DNA damage. The replacement of histones with protamines result in increased
torsional tension in DNA. One way to relive this tension is with controlled nicking of the
DNA strands by topoisomerase II27. Failure to fully repair these topoisomerase-induced
DNA strand breaks is believed to be a contributing factor in sperm DNA fragmentation.
Incomplete chromatin remodeling is thought to leave sperm DNA more susceptible to
chemical insults which can accrue with time. Sperm DNA fragmentation may also arise
from incomplete or incorrect protamination during spermiogenesis.98, 102
Sperm DNA damage may result from one or a combination of these mechanisms.
For instance, substantial radical damage to a sperm’s DNA may trigger apoptotic pathway
leading to the sperm being terminated prematurely resulting in the presence of matured
sperm cells with fragmented DNA.98, 102 Incomplete protamination may also cause DNA
mispackaging that allows for easier access to radical species that damage the DNA.103 Prior
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and current studies in the DeRouchey group have linked incomplete protamination
(underprotamination)104 and protamine structure dysfunction with alterations in sperm
chromatin structure and greater accumulation of free radical damage within protamine
condensed DNA.

1.5.2

Sperm DNA damage and its impact on reproductive health

Sperm DNA damage affects reproductive health in a variety of ways. DNA damage
in sperm and sperm DNA fragmentation has been shown to correlate not only with fertility
but also impacts normal embryonic development.98 Damage to sperm DNA has also been
linked with fertilization failure, impaired pre-and post- embryo implantation and poor
pregnancy outcome.102, 105 Sperm DNA damage has been implicated in about 80% of
unexplained infertility.106
Only recently has it been appreciated that DNA damage in sperm impacts not only
fertility but also the health of the offspring. In cases where sperm DNA damage is
moderate, fertilization may proceed resulting in the birth of an infant, yet the genetic
makeup of the offspring may be impaired. With increasing parental age, germline single
nucleotide mutations increase.107, 108 It is estimated that about 75% of these mutations are
of paternal origin.109 These mutations have been linked to increased risk of childhood
cancers.110 These recent findings emphasize the need to better understand the mechanism
and quantification of damage and DNA oxidation in the sperm nucleus.
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1.6

Detection and Measurement of DNA Damage

Several approaches exist for the identification and quantification of DNA damage.
These include chromatographic, electrophoretic, immunological and polymerase chain
reaction (PCR). Characteristics of acceptable methods for DNA damage detection include
high sensitivity and specificity for damage products while minimizing the potential of
contamination or artifactual damage.111, 112 More emphasis will be placed on agarose gel
electrophoresis coupled with base-specific endonucleases which was used in many of the
experiments in this dissertation.

1.6.1

Gel electrophoresis

Electrophoresis works on the principle of migration of charged particles through an
electric field to the electrode of opposite charge. Electrophoresis separates molecules based
on differences in charges, mass-to-charge ratios or molecular shapes.113 Agarose gel
electrophoresis is employed widely in DNA separations. Agarose is a linear polymer
composed of a repeating disaccharide units. Agarose is an unreactive gel and thus allows
separation of DNA to occur based on physical differences between molecules.113, 114
The phosphate groups in the sugar-phosphate backbone of DNA confers a strong
negative charge to DNA. Each phosphate group confers a negative charge per nucleotide.
DNA therefore has uniform charge distribution. The high negative charge evenly
distributed ensures that DNA migrates to the positively charged anode when subjected to
an electric field.113,

115

Staining the DNA with ethidium bromide an intercalator and

visualization under ultraviolet light allows for clear imaging of the transparent DNA bands
within the gel.
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DNA of similar size but adopting different conformations migrate through agarose
gel at different rates. Thus, supercoiled, open coiled and linear DNA of the same size
(number of basepairs) can be distinctively separated out on a gel on the basis of their
shapes.115 Figure 1.10 shows the migratory pattern of open coiled, linear and supercoiled
plasmid DNA in an agarose gel. The open coiled DNA represents plasmid DNA with a
single strand break while linearized DNA represents double stranded break. Both open coil
and linear forms of plasmid DNA can thus be used to indicate the presence of different
forms of DNA damage.

Figure 1.10 Plasmid conformations and migratory pattern in agarose gel. Undamaged
supercoiled plasmid DNA migrates fastest in an agarose gel. Single strand break to either
strand results in the slow-moving open coil while linearized plasmid DNA results from
double stranded breaks.
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Agarose gel electrophoresis (AGE) in its traditional form does not account for
oxidative base damage that do not lead to single strand nicks or double strand breaks. Thus,
traditional AGE underestimates the total DNA damage events occurring in samples. The
use of lesion-specific enzymes allows for a more accurate detection of total oxidized
damage in DNA. Common lesion-specific enzymes in use are formamidopyrimidine DNA
glycosylase (Fpg) and endonucleases. Fpg, a dual glycosylase and lyase enzyme is specific
for oxidized purines especially 8-oxoguanine and formamidopyrimidine modifications of
purine bases (Fapy). Endonuclease III, as well as Endo VIII, also have dual glycosylaselyase activities and are specific for oxidized pyrimidines, while T4 endonuclease
recognizes UV-induced pyrimidine dimers.116-119 In each case, incubation of DNA samples
with these enzymes introduces extra strand breaks at the enzyme-sensitive sites (Figure
1.11). The difference in strand breaks in the presence and absence of the enzyme is
measured as the level of the additional oxidative base lesions. The European Standards
Committee on Oxidative DNA Damage (ESCODD) concluded in a study aimed at
standardizing 8-oxoguanine measurements that Fpg-based methods are less susceptible to
spurious oxidation compared to HPLC-based methods.120
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Figure 1.11 Bifunctional activity of DNA repair glycosylases. Fpg and Endonuclease are
bifunctional enzyme with glycosylase and AP lyase activities. The glycosylase activity
cleaves the N-glycosidic bond and releases an oxidized base leaving an abasic (AP) site).
The AP lyase activity cleaves the phosphodiester bond and releases the sugar moiety
resulting in the formation of a single strand break with a one nucleotide gap.

1.6.2

Single Cell Gel Electrophoresis (SCGE)

Single cell gel electrophoresis, or comet assay, is used in accessing DNA damage
in eukaryotic cells. It is most commonly applied to isolated or cultured animal cells and is
routinely used for assessing sperm DNA fragmentation.121 SCGE assay works on the
principle that DNA in lysed cells fixed in agarose generate a ‘comet’ image when subjected
to electrophoresis. The ‘comet’ usually appears with a distinct head and a tail. The tail
portion of the comet indicates fragmented DNA within the cell. The tail size is usually
indicative of the extent of DNA damage with longer tails corresponding to more DNA
strand breaks121, 122. SCGE suffers, however, from reproducibility across different users.
The agarose concentration as well as voltage applied affects the size of comet tails formed.
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Tail measurement is also subjective and could be altered by set threshold for fluorescence
measurement or where tail measurement starts from compared to comet head.122

1.6.3

Chromatography-based methods

DNA damage detection using chromatographic methods involve three steps hydrolysis of the intact DNA, chromatographic separation and finally detection of the DNA
damage lesions.123 Hydrolysis is commonly achieved using formic acid or enzymatically
employing a combination of DNAse, alkaline phosphatase and phosphodiesterase.124, 125
Chromatographic separation can be achieved via gas chromatography (GC) or highperformance liquid chromatography (HPLC). Detection methods in use include mass
spectrometry (MS), electrochemical detection (ECD) and fluorescence.123,
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Chromatographic measurement of DNA damage can be used to detect damage products
from either the deoxy ribose sugar or the nucleobase.83, 127 HPLC and GC are commonly
used in quantification of 8-oxoguanine. However, care must be taken to avoid a major
problem of artifactual oxidation that often arises resulting in a false overestimation of the
actual level of damage.127, 128

1.6.4

Polymerase Chain Reaction (PCR)

PCR is considered as a reliable method for DNA damage detection in a defined
target sequence. PCR involves temperature-controlled DNA sequence amplification.
Normal PCR involves multiple repeating cycles of three steps: denaturation of double
stranded DNA at high temperature, primer annealing to complementary denatured sample
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DNA strands and finally extension/ synthesis in a reaction catalyzed by the polymerase.129,
130

After each cycle, the amount of amplified DNA doubles. Twenty cycles of a PCR

reaction generate about one million molecules from the initial sample DNA.131 The
principle of using PCR for detection of DNA damage is hinged on the ability of the DNA
replication enzyme-polymerase to halt at the location of a damaged base, resulting in
reduced amount of PCR product in sequences bearing DNA damage.132 Although PCR may
not identify the exact damage product, its advantage lies in its ability to detect a variety of
damage forms such as bulky adducts, strand breaks and oxidative base lesions.133

1.6.5

Immunoassays

Immunoassays for detection of DNA damage involves the use of antibodies raised
against the DNA damage lesion of interest. Variants of assays here include
radioimmunoassay (RIA) and enzyme-linked immunosorbent assay (ELISA). RIA begins
with an immunoreaction between a radiolabeled antigen (the target DNA damage product)
and the antibody raised against it occurs. Upon introduction of the sample for analysis, a
competitive displacement reaction between the labelled antigens and unlabeled antigens
(damage product in the sample) occurs which is then quantified.132,
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In ELISA,

immobilized antigen of interest reacts with antibodies covalently linked to a reporter
enzyme. Addition of the substrate results in an enzyme-catalyzed reaction producing a
colored or fluorescent product that can be monitored.132, 134 Immunoassays however suffers
from cross reactivity of the antibodies with the canonical DNA bases leading to
overestimation of damage.127, 134, 135
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1.7

Dissertation Outline

This dissertation describes the role of polycation length and phosphorylation on
reconstituted sperm chromatin structures and DNA damage accumulation. We
hypothesized that changes in the chemistries of DNA-condensing polycations causes
mispackaging in reconstituted sperm chromatin structures which allows for increased
access to free radicals, and accumulation of DNA damage. We reason that this additional
DNA damage and oxidation has important consequences for the function and
developmental capacity of the sperm. In chapter 2, we focused on reconstituted DNApolycation complexes formed with a series of short and long chain polycations. We showed
that for comparable chain length polycations, protection against AAPH radical damage
increases with tighter DNA packaging. Furthermore, we show that DNA packaging density
is not the only effect on oxidative insults. DNA condensed with long polycations results in
lower levels of DNA damage to radicals even when the DNA packaging density is lower
than short chain polycations. We hypothesize that this increased damage in DNA
condensed by short chain polycations is due to the increased mobility of the shorter
polycation chains within the condensate. In a collaboration, molecular dynamics
simulations were used to confirm the increased polycation intrinsic dynamics in
condensates. The work in chapter 3 investigated the impact of phosphorylation on
packaging and DNA damage mediated by Fenton chemistry. Using reconstituted sperm
chromatin formed with oligoarginine peptides, we showed that insertion of a phosphoserine
residue significantly reduced reconstituted chromatin packaging density while allowing for
greater accumulation of DNA damage. Aside single and double strand breaks, we also
observe the occurrence of significantly greater oxidized nucleobase damage in DNA
condensed with a phosphorylated oligoarginine peptide. Further experiments with different
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ROS scavengers reveal that while these scavengers attenuate the formation of DNA
damage products, the presence of a phosphoserine in oligoarginine-condensed DNA
assemblies weakens the antioxidant activities. In chapter 4 we investigated the impact of
irradiation to DNA damage to phosphorylated and unphosphorylated hexaargininecondensed DNA assemblies. Here we utilized X-ray irradiation to demonstrate further that
the presence of a phosphoserine within oligoarginine peptides allows for increased DNA
damage in the condensed state. Calculations of strand break yields and peptide
radioprotective efficiency reveal that peptide-DNA assemblies containing a phosphoserine
within the hexaarginine are consistently 2-3 times worse at protecting DNA against X-ray
irradiation compared to unphosphorylated hexaarginine peptides. We further probed the
implication of these findings biologically using a bacterial transformation assay. Post
irradiation, 3-fold lower transformation efficiency is observed in DH5α competent cells
transformed with DNA extracted from phosphorylated hexaarginine- DNA assemblies
compared to unphosphorylated analogues. Together, these finding provide more insight
into understanding DNA packaging in sperm chromatin and the impact of residual
phosphate in protamine.
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CHAPTER 2. DNA PACKAGING DENSITY AND POLYCATION
LENGTH MEDIATE AAPH-OXIDATIVE DNA DAMAGE IN
CONDENSED DNA
Preface: This work was carried out in collaboration with the group of Dr. Yongmei Wang
of the Department of Chemistry, University of Memphis, Tennessee. All DNA cleavage
assays, UV-Vis precipitation, DLS, and SAXS measurements were completed by the
author in the lab of Dr. Jason DeRouchey. Molecular dynamics simulations were
performed by Jesse Ziebarth in the laboratory of Dr. Yongmei Wang.
2.1

Introduction

Sperm chromatin is structured in a manner significantly different than that of
chromatin in somatic cells. In somatic cells, the base unit of chromatin is the nucleosome
consisting of DNA wrapped around an octamer of histone proteins to form a "bead on a
string" structure.13, 18 In mature sperm cells, the vast majority (>90%) of somatic histones
ultimately get replaced by cationic peptides known as protamines. These protamines are
short (4-8 kDa), highly basic peptides that contain 50-70% arginine residues.28 The high
number of cationic arginine residues enables a strong binding to the negatively charged
phosphates of DNA resulting in a near-crystalline condensation of the DNA in sperm
chromatin to a volume roughly 6 times more compact than is achieve by mitotic
chromosomes.27 Sperm chromatin, like viruses, therefore represent some of the tightest
packaging of DNA in vivo. Within the sperm nuclei, protamine-DNA forms toroidal
(donut-shaped) structures containing roughly 50 kbp of DNA per toroid.33, 136Inside the
toroid, DNA helices are arranged parallel to one another on a hexagonal array. This specific
structure and composition of sperm chromatin is thought to be critical for both facilitating
the transport of sperm DNA as well as protecting its genetic intergrity.137, 138
Male germ cells are known to produce reactive oxygen species (ROS).139, 140 In
sperm, some ROS is required for proper physiological function, however, an excess of ROS

adversely affects sperm development.141 Due to the tight packaging of DNA in sperm
chromatin, all DNA repair functions are inactive making spermatozoa DNA particularly
sensitive to oxidative insults.1, 142 A major consequence of oxidative stress in sperm is DNA
damage including base oxidation (particularly guanosine and adenosine) and DNA
fragmentation.1, 143Recent work with mouse sperm nuclei show that the peripheral regions
and basal regions of the sperm chromatin are most sensitive to oxidation. This oxidative
DNA damage appeared to primarily target histone-associated regions where DNA is less
compact.

144

In addition to decreasing male fertility, this oxidative damage to the male

genomes was shown to correlate to the creation of mutations that can have profound health
implications on the progeny.143, 145, 146
DNA condensed by polycations (charge ≥ +3) results in the formation of wellordered nanoparticles, known as polyplexes, that have applications in fields such as nonviral gene delivery vectors.

147-150

Polyplexes have been shown to form toroids under

certain conditions with DNA helices arranged in a hexagonal array making them good
models for studying packaging in sperm chromatin.28, 41, 151-153 The exact spacing between
DNA helices in these polyplexes has been shown to be cation specific.31,

154, 155

Applications for polyplexes are also limited by their stability in solution and more
information is needed to understand their long-term stability.156
To date, several studies have evaluated the properties and conditions of polyplex
formation from cationic polymers. The effects of factors such as molecular weight, ionic
strength, pH, DNA size and concentration on the formation and properties of polyplexes
have been determined.40,

41, 150, 157, 158

There is also some evidence indicating that

polyplexes are intrinsically dynamic but our understanding of these internal dynamics is
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limited to date.159-161 Considerable information about DNA damage in naked DNA or in
somatic chromatin exists162-165, but not much is known about DNA damage events in the
highly condensed state. Beyond just the DNA packaging density of the resulting
polycation-DNA complexes, the mobility of cationic polymers inside these polyplexes may
affect polyplex stability and accessibility to external oxidative species. While it is generally
thought that tighter packaging in condensed DNA results in increased protection of the
DNA from ROS damage164, how DNA packaging density affects oxidative damage to DNA
is still poorly understood.
In this study, we have used reconstituted systems made with DNA and polycationic
peptides of varying lengths to directly examine the role of polycation packaging on
protection of DNA from free radical damage. UV-Vis spectroscopy and dynamic light
scattering (DLS) experiments were carried out to assess the ability of the polycations to
precipitate DNA and resulting colloidal properties of the polyplexes. DNA packaging
densities for all polyplexes was determined by small-angle x-ray scattering (SAXS). To
mimic oxidative stress conditions, free radicals were generated from the thermal
decomposition of called 2,2'-Azobis(2-amidinopropane) dihydrochloride (AAPH) which
creates peroxyl radicals in the presence of oxygen. ROS induced damage of supercoiled
plasmid DNA in the condensed state was then evaluated by gel electrophoresis. We show
that DNA protection in the condensed state depends not only on the packaging density
within the polyplex condensate but also on the length, or equivalently charge, of the
polycation. The intrinsic dynamic behavior of condensing agents of different lengths within
polyplexes was studied using molecular dynamics (MD) simulations. Results of our MD
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simulations reveal that shorter peptides are more dynamic in motion, and this may explain
the increased sensitivity of oligocation polyplexes to free radical damage.

2.2
2.2.1

Results
Polyplex Characterization

The polycation used to condense DNA plays a significant role in the resulting DNA
packaging in polyplexes.153-155 Polycations studied in this chapter include triarginine (R3),
hexaarginine (R6), phosphorylated hexaarginine (R3pSR3), salmon protamine, polyarginine
(poly R) and polylysine (poly K). The ability of each of these polycations to complex DNA
was assessed by ultraviolet-visible (UV-Vis) spectroscopy. Polycations were incubated
with 100 µg calf thymus (CT) DNA in 10 mM Tris-Cl buffer (pH 7.5) at increasing ratios
of cationic amine (N) to anionic nucleic acid phosphate (P). After achieving the desired
N/P charge ratio, all samples were diluted to a final volume of 300 µL with buffer,
incubated for 10 min at RT and centrifuged before measurement. B-form DNA has a
characteristic maximum absorbance at 260 nm (A260). Upon complexation with polycation,
free DNA concentration in the supernatant is reduced resulting in a systematic decrease in
the observed A260 value. DNA precipitation results as a function of the N/P charge ratio are
shown in Figure 2.1. All cationic systems studied fully condensed DNA at N/P charge
ratio between 1-2. The shortest peptide studied, R3, required the highest N/P charge ratio
(N/P ~ 2) to fully condense and did not show appreciable condensation until N/P ~1.2, long
polycations (protamine, polyR, and polyK) being fully condensed by N/P ratio 1.0-1.2. For
N/P < 1, these long polycations condense at ~1:1 ratio, such that at N/P 0.5 approximately
50% of the DNA was precipitated from solution. The intermediate length hexaarginine
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Figure 2.1 Precipitation assay of DNA by triarginine (R3), hexaarginine (R6),
phosphorylated hexaarginine (R3pSR3), salmon protamine, polyarginine (polyR) and
polylysine (polyK). Here, the x-axis shows the nitrogen-to-phosphate (N/P) charge ratio
between polycation amines (N), and DNA phosphates (P) and the y-axis shows the fraction
of soluble DNA remaining after centrifugation as determined by UV-Vis absorbance at 260
nm. All data shown are reported as mean ± standard deviation (n = 3).
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peptides (R6 and R3pSR3) exhibited full condensation at N/P ≥ 1.5. At N/P < 1.5, we
observe less DNA is precipitated by these two peptides when compared to salmon
protamine or the high MW polycations. For example, at N/P 0.5, only about 20% of the
DNA is precipitated by R6 or R3pSR3. For both hexaargine peptides, only ~60% of the
DNA is precipitated by N/P 1. The precipitation of DNA by tri-arginine (R3) proceeds in
a very different manner. As shown in Figure 2.1, little to no precipitation occurs up to a
N/P charge ratio 1. Above N/P 1, R3 is able to precipitate DNA with full precipitation
occurring at N/P ~ 2. This behavior is consistent with previous condensation studies with
trivalent counterions such as cobalt hexammine and spermine.166-168
X-ray diffraction experiments were used to determine the interhelical DNA-DNA
spacing for all polycations studied. All polycations were able to spontaneously condense
DNA resulting in a hexagonal packaging of DNA helices within the polyplexes as depicted
in Figure 2.2 (top). To mirror conditions used in later experiments for DNA damage
assessment in the polyplexes, SAXS measurements were made 1 hr after polyplex
formation to assess DNA packaging density. Interhelical DNA-DNA spacing (Dint) are
determined from the observed Bragg scattering peak as described in methods (section
2.5.2). The resulting Dint values for all polyplexes are tabulated in Figure 2.2 (bottom).
Here, the highest DNA packaging density (or smallest Dint spacings) were observed for R6
and polyR samples. Lower DNA packaging densities were observed for polyK-DNA, R3DNA and the mixed charge peptide (R3pSR3) containing 6 arginines and a phosphoserine.
DNA condensed by salmon protamine had intermediate DNA packaging density.
For applications, the colloidal size of the resulting polyplex nanoparticles are also
known to dictate performance. To determine the resulting colloidal properties of the
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different polyplexes, pBR322 plasmid DNA was incubated with sufficient polycation to
fully condense the DNA and the resulting particle hydrodynamic radii (Rh) were

Figure 2.2 (Top) Hexagonal packaging of polycation condensed DNA. The lattice planes
corresponding to the Bragg reflection used for the measurement are indicated by a broken
line. Interhelical DNA-DNA spacings (Dint) indicated by solid line. (Bottom) Dint, as
determined by DLS, was measured for all DNA polyplexes used in this study. Dint values
are reproducible to within ~0.1 Å. DLS results on colloidal particle radii are reported as
mean ± standard deviation (n = 3).
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determined by dynamic light scattering (DLS). Polyplex radii are given in Figure 2.2.
Here, all polycations were condensed at a N/P charge ratio of 3 to ensure complete DNA
condensation as observed in Figure 2.1. All polyplexes studied resulted in the formation
of tightly-packaged, colloidal nanoparticles with hydrodynamic radii ranging from ~70200 nm. All DLS results were performed in triplicate and hydrodynamic radius results are
reported as mean ± standard deviation.

2.2.2

AAPH-induced DNA damage in uncondensed DNA and polyplexes

Prior work has shown that AAPH, a water-soluble azo compound, generates
peroxyl and alkoxyl free radicals upon degradation capable of inducing DNA oxidative
damage.169-172 The ability of AAPH to damage DNA was evaluated using DNA cleavage
studies with pBR322 plasmid DNA. First the effect of temperature on free radical
generation by AAPH was studied (Figure 2.3). Here, 200 ng of pBR322 plasmid DNA
was incubated at either 37 ºC or 60 ºC with difference concentrations of AAPH for 1 hr.
Representative agarose gels obtained are shown in Figure 2.3A. In the absence of AAPH,
pBR322 plasmid DNA at both temperatures is primarily in the supercoiled (SC) form (Lane
1). In the presence of AAPH, oxidative insults that lead to single strand breaks results in
the appearance of an open circular (OC) DNA band that migrates more slowly relative to
SC. When both strands are cleaved, a linear (L) DNA band appears. As shown in Figure
2.3A, we observe a dose-dependent increase in the appearance of damaged (OC and L)
forms of pBR322 incubated with AAPH at both 37 ºC and 60 ºC. To quantify the damage,
we also plot the percentage of intact SC DNA as a function of increasing AAPH
concentration for triplicate gels in Figure 2.3B. Significantly greater DNA damage is
observed at higher temperature for equivalent AAPH concentrations. Incubation of
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Figure 2.3 (A) Agarose gel electrophoresis of supercoiled pBR322 plasmid DNA in the
absence and presence of increasing AAPH concentration. Lane 1 shows pBR322 in the
absence of AAPH. Lanes 2-8, pBR322 plasmid DNA after treatment with AAPH. The
positions of the supercoiled (SC) DNA, relaxed open circular (OC), and linear (L) DNA
are indicated by labels. All samples include 200 ng plasmid DNA incubated at 37 or 60 °C
for 1 hr at the desired AAPH concentration in 10 mM Tris-HCl buffer. (B) Temperature
dependence of the detected intact (SC) bands for DNA incubated with AAPH as analyzed
by agarose gel electrophoresis. Values are given as means ± standard deviation (n = 3).
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pBR322 plasmid at 60 ºC in the absence of AAPH (lane 1) does not result in the loss of
DNA supercoiling when compared to 37 ºC, However, 50 µM AAPH at 60 ºC is sufficient
to convert all supercoiled DNA to linear and open coil forms. In contrast, AAPH
concentrations greater than 1 mM are required to fully eliminate the supercoiled band when
plasmid DNA is treated with AAPH at 37 ºC. Having demonstrated the capacity to induce
significant DNA strand breaks at low (10-200 µM) AAPH concentrations at 60 ºC, these
conditions were used for examining the effect of condensation on the protection of DNA
from free radical damage.
Next, we evaluated the protection effects of salmon protamine on DNA oxidative
damage induced by AAPH by gel cleavage. Results for DNA damage on supercoiled
plasmid DNA in the absence or presence of salmon protamine are shown in Figure 2.4 for
three different AAPH concentrations. Plasmid DNA (pBR322) in the absence of AAPH
was primarily in the supercoiled form (Figure 2.4, lane 1). At 20 µM AAPH, uncondensed
plasmid was readily oxidized by radicals generated by AAPH resulting in the vast majority
(>70%) of the DNA being in the open coiled form (Figure 2.4, lane 2). Increasing AAPH
concentration resulted in more damage being observed. By 500 µM AAPH, a clear linear
DNA band is observed giving evidence for double strand breaks due to oxidation by
AAPH. Condensation by salmon protamine conferred significant protection effect to the
DNA from free radical damage. For these studies, all protamine-DNA polyplexes were
formed at N/P ratio 3 to ensure complete condensation of the DNA. After mixing,
polyplexes were incubated for 30 min at room temperature before treatment with AAPH.
After AAPH treatment for 1 hour, polyplexes were decondensed by competitive
dissociation with dextran sulfate and immediately subjected to agarose electrophoresis. At
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Figure 2.4 (top) Agarose gel electrophoresis of naked or salmon protamine condensed
supercoiled pBR322 plasmid DNA at three different AAPH concentrations. Lane 1 shows
control native pBR322 in the absence of AAPH. Lanes 2-7, pBR322 plasmid DNA either
naked or protamine condensed after treatment with AAPH at 60 oC for 1 hr. All samples
include 200 ng plasmid DNA incubated at 60 °C for 1 hr at a given AAPH concentration
in 10 mM Tris-HCl buffer. Protamine condensed samples were decondensed using dextran
sulfate before loading onto gel. (bottom) AAPH concentration dependence of the detected
intact (SC) bands was quantified for all sample conditions. Values are expressed as mean
± SD (n = 5). Statistical significance was assessed using one-way analysis of variance
(ANOVA) followed by Tukey's post hoc test at P < 0.001.
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20 µM AAPH, the % supercoiled DNA is not significantly different (P = 0.569) than the
control DNA that was not exposed to AAPH. Increasing the AAPH concentration results
in decrease % supercoiled DNA for both uncondensed and protamine-condensed samples.
At all AAPH concentrations studied, significantly larger amounts of supercoiled DNA is
found for protamine-condensed DNA as compared to naked DNA. For instance, at 100 µM
AAPH, less than 10 % of the naked DNA is undamaged as opposed to 73 % of DNA when
condensed with protamine. Results in Figure 2.4B were averaged from five gels and results
are given as mean ± standard deviation. Higher protamine concentrations, or higher N/P
ratios, did not significantly alter the degree of damage observed in the condensed samples.
Figure 2.5 shows a comparison of the ability of various polycations to protect
plasmid DNA from free radical damage. Uncondensed DNA in the absence and presence
of 200 µM AAPH were prepared and shown in lanes 1 and 2. Native plasmid control (C)
is primarily in the SC form in the absence of AAPH with a small amount of OC form visible
(lane 1). Uncondensed DNA in the presence of 200 µM AAPH (lane 2) is sufficiently
nicked such that only about 5% of SC form is present and over 90% of the DNA is primarily
in the open circular (OC) form with a small amount of linearized (L) form present. DNA
condensed with R3, R3pSR3, R6, salmon protamine (Prot), polylysine (PolyK), and
polyarginine (PolyR) are shown in lanes 3-8 respectively. For all polyplex systems,
plasmid DNA was condensed with polycations at an N/P 3 to ensure full condensation.
After mixing, polyplexes were incubated for at least 15 min before treatment with 200 µM
AAPH. After AAPH treatment, polyplexes were decondensed with dextran sulfate and
immediately subjected to agarose electrophoresis. Condensing DNA protects DNA from
AAPH-induced damage for most, but not all, polyplexes studied. At 200 uM AAPH, the
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Figure 2.5 (top) Agarose gel electrophoresis of polycation condensed pBR322 plasmid
DNA after treatment with 200 µM AAPH. All samples include 200 ng plasmid DNA
incubated at 60 °C for 1 hr with AAPH in 10 mM Tris-HCl buffer. Lane 1 shows control
native pBR322 in the absence of AAPH, while Lane 2 shows uncondensed (U) DNA
treated with AAPH. Lanes 3-8, pBR322 plasmid DNA condensed with polycations at N/P
3, incubated for 15 min to ensure stable nanoparticle formation, and subsequently treated
with AAPH for 1 hr. Condensed samples were decondensed using dextran sulfate before
loading onto gel. All polyplex samples showed primarily supercoiled (SC) or open circular
(OC) bands. (bottom) Relative amounts of intact supercoiled DNA for uncondensed and
condensed plasmid DNA treated with AAPH. Values shown are means ± SD (n = 5).
Statistical significance was assessed using one-way analysis of variance (ANOVA)
followed by Tukey's post hoc test. All bars, except groups indicated by n.s. (not
significant) are significantly different from one another at P < 0.001.
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% supercoiled DNA observed in R3 condensed DNA shows no significant difference (P =
0.726) from uncondensed DNA exposed to the same AAPH concentration. Comparing the
hexaarginine peptides, R3pSR3 confers statistically significant levels of DNA protection
compared to uncondensed DNA, but it is still substantially worse than R6-DNA. The longer
polycations, salmon protamine, polyK and polyR, all confer significant protection for the
DNA in the polyplex against AAPH-induced damage. Statistical analysis of the results in
Figure 2.5 also shows that undamaged DNA from samples condensed with polyarginine
is significantly greater (P < 0.001) than that observed for any other polycation studied.
Although undamaged DNA from polylysine and protamine-condensed DNA is observed
to be higher than for R6-condensed DNA, the observed difference is not significantly
greater at P < 0.001 level.

2.2.3

Atomistic molecular dynamics simulations

To examine molecular-level behavior that explains the relationship between a
polyarginine chain’s length and the protection that it offers to DNA, we performed
atomistic molecular dynamics simulations of a DNA helix in the presence of either R3, R6,
or R20, where the R20 chain served as a model for polyR. A sufficient number of
polyarginine chains were added at random locations in each simulation box to result in an
N/P ratio of 3. Many peptide chains spontaneously moved toward and became bound to
the DNA as shown in Figure 2.6. However, in each simulation, some arginine chains
remained free in solution, suggesting the DNA helices are saturated with the arginine
oligomers in the simulations.
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Figure 2.6 Final configurations of simulations of DNA bound to (a) R3, (b) R6, and (c) R20.
Each polyarginine chain is represented as a different solid color. The top of the 20 basepair
long DNA helix is bound to its bottom across the periodic boundary of the simulation box,
forming an ‘infinite’ helix; periodic images of DNA in neighboring simulation boxes are
shown in black. All water and small ions, as well as polyarginine chains far from (more
than ~10 Å) the DNA helix, are not shown.

We calculated the average number of polyarginine residues and chains that were in
direct contact (within 3 Å) with the DNA during the last 50 ns of each simulation (Table
2.1). In all three simulations, enough arginine residues are in direct contact with the DNA
to neutralize at least 90% of the DNA charge. Thus, the polyplex has a net positive charge
when considering the total charge of the chains bound to the DNA. Chain length does have
a modest impact on the number of residues bound to the DNA, with R3 having fewer
residues in contact with DNA (36 ± 3) than R6 (40 ± 2) and R20 (41 ± 1). This result also
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correlates with the solvent-accessible surface area (SASA) of the DNA in the three
simulations. Similar numbers of arginine residues in the R6 and R20 simulations are bound
to DNA, and the DNA SASA is similar for these systems. In the R3 simulation, however,
fewer arginine residues are in contact with the DNA, and the SASA of the DNA is larger,
potentially increasing the risk of DNA damage from exposure to damaging radicals in
solution.
Table 2.1 Structure of DNA-polyarginine complexes in molecular dynamics simulations
Length of
Polyarginine in
simulation
R3
R6
R20

Polyarginine
[Polyarginine
residues in
chains in
contact with DNA contact with
DNA
36 ± 3
17 ± 1
40 ±2
10.6 ± 0.5
41 ± 2
4±0

Net charge
of complex

DNA SASA
(nm2) a

11
24
40

45 ±2
41 ± 1
41 ±1

b

a

Average value ± standard deviation

b

Sum of the charge of the DNA (-40) and the charge of polyR chains in contact with DNA

To examine the dynamics of polyarginine-DNA interactions, we determined when
each of the polyarginine chains was in contact with the DNA during the last 50 ns of each
simulation (Figure 2.7). In all three simulations, there are peptide chains that form longlasting interaction with the DNA duplex, as well as chains that do not interact with the
DNA. In the case of R20 (Figure 2.7c), four of the six R20 chains are always in contact with
the DNA during this time period, while the other two chains remain free in solution. In the
case of the R6 and, especially, the R3 simulations, interactions between the DNA and the
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Figure 2.7 Time evolution of interactions between (a) R3, (b) R6, and (c) R20 chains and
the DNA helix. The times when each chain is in contact (within 3 Å) of a DNA atom during
the final 50 ns of the simulation are indicated in the plot. The indices of the polyarginine
chains are sorted by the number of snapshots in which the chain was in contact with the
DNA.
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peptide chains are more dynamic, and DNA-peptide interactions continue to break and/or
form. Such changes in DNA-polyarginine interactions were rare in the R6 simulation, as a
single R6 chain that had a long-lasting interaction with the DNA broke away approximately
90 ns into the simulation. An additional R6 chain made contact with the DNA during only
a single snapshot relatively late in the simulation.
Dynamic interactions between DNA and R3 chains (Figure 2.7a) were more
common, with seven peptide chains breaking away from the DNA after being in contact
for more than ~5 ns. The relationship between interaction stability and polyarginine chain
length can be explained by considering the number of residues of each peptide that interact
with the DNA. Of the R3 chains bound to the DNA, only ~2 residues were in contact with
the DNA at any given time. In contrast, ~5 arginine residues of each R6 chain and ~10
residues of each R20 chain were in contact with the DNA. Therefore, the release of an R6
or R20 chain that was bound to the DNA would typically require the disruption of more
DNA-arginine residue interactions than the release of an R3 chain.
In addition to impacting binding between DNA and the entire polyarginine chain,
chain length also impacted the dynamics of interactions between DNA and individual
arginine residues. We calculated the contact fraction (i.e., the fraction of simulation
snapshots in which the residue was in contact with the DNA) for each arginine residue
(Figure 2.8). For each type of peptide, ~15 residues form stable interactions with the DNA
and remain in contact with the DNA throughout the simulation (contact fraction > 0.99).
About 50 additional residues contact the DNA at some point during the simulation (contact
fraction between 0.01 and 0.99). For the ~50 arginine residues most commonly in contact
with the DNA, there does seem to be a relationship between contact fraction and chain
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length, as the long R20 tends to have more residues make higher contact fraction (fraction
greater than 0.5) than the other two systems.

Figure 2.8 The fraction of snapshots during the last 50 ns of the simulation in which each
R3, R6, and R20 residue was in contact with the DNA. An arginine residue was defined as
being in contact with the DNA if any atom of the residue was within 3 Å of any DNA atom.
The indices of the arginine residues were sorted so that lower indices indicated higher
contact fractions. Data for only 70 of the 120 arginine residues are shown, as residues with
higher indices made no or only a very few contacts with DNA in all three simulations.

2.3

Discussion

Our work has characterized the effect of polycation chemistry and valency on the
protective effects on DNA in the condensed state from free radical oxidation. Protection of
DNA in the condensed state could be due to either steric effects or radical scavenging by
the polycations. Steric effects would protect polyplex DNA through restricted free radical
accessibility to the DNA helices inside the condensed phase. Polyplexes with higher DNA
packaging density would therefore be expected to provide greater protection to the DNA.
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In the case of radical scavenging, radical polycations are formed that spares the DNA from
damage.173-175 There is also evidence, however, that suggests that peptide radicals may be
a route for transferring damage to DNA in the condensed state.176 Although the peptide
radical model was not extensively tested in this study, previous in vitro antioxidant
scavenging experiments by us (unpublished) showed that protamines have very weak
antioxidant activities. This indicates to us that radical scavenging does not sufficiently
explain the DNA protection in the condensed state of these polyplexes. This is supported
by the fact that higher N/P ratios for protamine polyplexes, where more unbound
polycation is present to react with free radicals, did not significantly alter the DNA damage
within the condensed phase. To better understand steric effects, we have used different
polycations to achieve varying DNA packaging densities and directly quantified DNA
damage within the condensed phase.
DNA in the presence of polycations (valency ≥ + 3) condenses spontaneously in
solution in vitro. Previous experiments showed that DNA condensation occurs when ~90%
of the DNA charge is neutralized by the condensing agent.177 Within the condensed phase,
DNA double helices are arranged in a hexagonal array as depicted in Figure 2.2 (Top). It
was shown previously that the DNA-DNA interhelical spacings, and thus DNA packaging
densities, of the resulting polyplexes depend on both the charge and chemistry of the
polycation.154,

155

Before performing damage studies, we first characterized the DNA

precipitation behavior (Figure 2.1), the DNA packaging density inside each polyplex
system (Figure 2.2), and the colloidal properties of the resulting polyplex nanoparticles
(Figure 2.2). As shown in Figure 2.1, DNA precipitation, as a function of the nitrogento-phosphate (N/P) charge ratio, depends on the length, or equivalently charge, of the
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polycation. For longer polycations, DNA precipitation occurs in a continuous manner upon
addition of the peptide. For the longest polycations used in our studies (salmon protamine,
polyR, and polyK), full condensation occurs by N/P 1. For the hexaarginine peptides (R6
and R3pSR3), we also observe a continuous condensation with increasing peptide
condensation and full condensation occurs at N/P ~ 1.5-2.0. Due to the high arginine
content of protamines and the potential incomplete dephosphorylation during
spermiogenesis, these two peptides were chosen as protamine mimics to determine the
effects of residual phosphates in sperm chromatin. Surprisingly the presence of the
phosphate did not significantly alter the DNA precipitation behavior although clearly has
large effects on the DNA-DNA spacings within the condensates. As mentioned in results,
the precipitation behavior of R3 is very different but consistent with prior work on trivalent
cations including cobalt hexammine and spermidine.166-168 In buffer or low salt conditions,
DNA condensation by these trivalent systems does not occur below a critical polycation
concentration (c*). Only at polycation concentrations above c* does DNA precipitation
occur. For example, Raspaud et. al. showed that 9 µM lambda DNA solution was
condensed only at spermidine concentrations greater than ~2 mM.168 Similarly in our
experiments, only at R3 concentrations N/P > 1 does precipitation occur.
To determine DNA packaging density, we have used x-ray diffraction to measure
the DNA-DNA interhelical spacings in our condensates ~ 1 hr after mixing. This time was
chosen to better reflect the DNA packaging density achieved in our colloidal nanoparticles
that were exposed to free radicals in later experiments. Observed Dint values for all
polyplexes are tabulated in Figure 2.2 and are in good agreement with previous published
results where samples were prepared using either chicken blood or calf thymus DNA and
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typically equilibrated for 2 weeks.153, 154 Arginine is able to package DNA significantly
tighter when compared to lysine polymers of comparable length.155 For example, DNADNA spacings for polyR-DNA is more than 2 Å smaller than polyK-DNA reflecting a 20%
smaller packaging volume in polyR-DNA. This observed difference in DNA packaging
density is also exploited in biological systems. In vivo, somatic chromatin is packaged by
lysine-rich histones while mature sperm cells utilize predominantly arginine-rich
protamines to package DNA. Histone-packaged chromatin is transcriptionally more active
and readily accessible for cellular processes while sperm chromatin is transcriptionally
silent until fertilization occurs.34, 178-180 The measured DNA-DNA spacings also depend on
the length of the polycation. Comparing R3, R6 and polyR, we see a clear decrease in Dint,
or increase in DNA packaging density, with increasing valency due to increased attractions
in the more highly charged peptides.31 However, all the arginine peptides except R3 can
condense DNA more tightly than polyK. Protamine-DNA, due to the presence of
uncharged amino acids, results in DNA packaging comparable to that observed in R5 or R6
condensed DNA.31 Similarly, the presence of a negatively charged moiety like a
phosphoserine, greatly increases the repulsive forces resulting in a significant change in
the DNA packaging density. Here, R3pSR3-DNA has a Dint ~4 Å larger compared to R6DNA representing a ~50% volume change within the condensed phase. This significantly
worse packaging induced by the presence of a phosphorylation group may be relevant
biologically during sperm maturation.66 Less tight packaging due to residual phosphates on
the protamines in sperm chromatin would likely leave DNA more susceptible to free radical
insult for sperm with incomplete dephosphorylation.66
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Condensation of DNA in dilute solution by polycations typically results in the
formation of well-ordered polyplex nanoparticles.41, 181 For our damage assays, polyplex
nanoparticles were used with condensed plasmid DNA. We therefore used DLS to measure
the hydrodynamic radii of our polyplexes at N/P 3 (Figure 2.2). Interestingly, the resulting
polyplex particle sizes did not correlate with the DNA packaging densities but primarily
depend on the length of the polycation used. The smallest Rh values observed for
polyplexes formed with polyK and polyR. The largest particles were formed by R3-DNA
despite a DNA-DNA spacing comparable to polyK-DNA. Similarly, the two hexaarginine
peptides (R6 and R3pSR3) resulted in similar Rh values for the polyplexes despite
significantly larger Dint values for R3pSR3-DNA. DNA damage, however, is not seen to
depend on the particle sizes in our polyplexes.
In considering steric effects, tighter DNA packaging is expected to provide greater
protection to the DNA in polyplexes. As expected, condensing DNA significantly protects
the DNA within the polyplexes (Figure 2.4). Even at low AAPH concentrations (20 µM),
uncondensed DNA is significantly oxidized while % supercoiled DNA in protamine-DNA
is not significantly different than the control plasmid in the absence of AAPH. Higher free
radical concentrations results in more DNA oxidation in both uncondensed and condensed
DNA, yet protamine-DNA is significantly more protected at all AAPH concentrations.
When comparing different polycations at the same AAPH concentration, we see most but
not all condensing agents are able to protect DNA from free radical oxidation (Figure 2.5).
Surprisingly, in comparing the effectiveness of DNA protection by different polycations,
we see neither the packaging density nor particle size alone explain the trend observed for
free radical damage in polyplexes. When comparing similar length polycations, tighter
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DNA packaging does lead to better protection of the DNA from free radical insult. DNA
condensed by polyR results in tighter DNA packaging and less damage when compared to
polyK-DNA. Similarly, R3pSR3-DNA is significantly more damaged in the presence of
AAPH when compared to R6-DNA most likely due to the tighter DNA packaging by R6.
However, we also see the length of the polycations plays a substantial role. R3-DNA has a
comparable DNA packaging density to polyK-DNA, however while polylysine is able to
protect DNA, R3 shows no significant protection of DNA when compared to uncondensed
DNA. The similar packaging density of R3-DNA and polyK-DNA do not explain the wide
disparity in protection of condensed DNA by these two peptides. An explanation for the
observed differences in DNA protection may be the mobility of polycations in polyplexes.
Exchange of polyplex-bound cationic chains with unbound chains have been reported.160,
182

There is also the ability of DNA interaxial spacings to rearrange in polyplexes formed

under low salt conditions.153 Our molecular dynamic simulations show that there exists a
relationship between the length of the polycation chain and their dynamics in polyplexes
which is linked to the accumulation of damage in the condensed state.
The molecular dynamics simulations identify several ways in which polyarginine
chain length impacts interactions with DNA, potentially providing insight into the
increased protection from damage by AAPH offered to DNA by longer polyarginine
chains. First, more R20 and R6 residues are in contact with the DNA at a particular time, on
average. Thus, the longer chains take up more room on the DNA surface, leaving less room
for attack by radicals. Second, chain length impacts the dynamics of polyarginine-DNA
interactions, with shorter polyarginine chains (and R3 chains in particular) forming lessstable interactions. While the average number of R20-DNA and R6-DNA interactions were
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similar, there were some differences in the dynamics of interactions between R6 and R20,
as we did observe an R6 molecule break from the DNA after being bound to the DNA and
individual R6 residues tended to have lower contact fractions. Additionally, the binding of
longer polyarginines chains to the DNA involved the formation of direct contacts between
more residues of each of the attached polyarginine chains. Thus, more DNA-polyarginine
residue interactions would have to be disrupted to remove a longer polyarginine from the
DNA.

2.4

Conclusion

In this work, we have investigated packaging and damage to DNA in polyplexes
formed with polycations of different chain lengths. Using a combination of experimental
and molecular dynamic simulations, we probed the relationship between polycation chain
length interactions with DNA in polyplexes and the accumulation of damage from radicals.
Beyond just steric effects however, DNA protection also depends on the length of the
polycation used for condensation. Our Simulation model shows that the intrinsic dynamic
behavior of polycations within polyplexes differ with shorter polycation chains being more
mobile. The greater mobility may result in increased accessibility of free radicals to the
DNA. This enhanced dynamics may explain the lack of protection of DNA in R3-DNA
compared to DNA condensed by longer polycations.
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2.5

Materials and methods

2.5.1

Materials

All arginine peptides (R3, R6 and R3pSR3) were custom synthesized, purified (>
98%), and TFA exchanged with chlorides by GenScript Corporation. Arginine peptides
were

then rehydrated

purification.

in

10 mM

Tris-Cl

buffer and

used without further

Salmon protamine chloride, calf thymus DNA, 2,2'-Azobis(2-

amidinopropane) dihydrochloride (AAPH), poly-L-arginine hydrochloride (MW 5-15
kDa), poly-L-lysine hydrochloride (MW 15-30 kDa), ethidium bromide and dextran sulfate
sodium salt from Leuconostoc spp. (MW 9-20 kDa) were purchased from Sigma Aldrich.
Agarose was purchased from VWR while pBR322 plasmid DNA was purchased from New
England Biolabs. Both CT-DNA and plasmid DNA purity was verified by measuring the
ratio of absorbance at 260 and 280 nm of DNA solutions and found to be satisfactory with
values exceeding 1.8. All chemicals were used without further purification.

2.5.2

Small angle X-ray scattering (SAXS)

Polycation-DNA complexes for x-ray scattering experiments was prepared using
calf-thymus DNA (CT-DNA) as follows. Polycation solutions (1 mg/ml) was added to
~250 µg of CT-DNA (1 mg/mL) in 10 mM Tris-Cl (pH 7.5) for each x-ray experiment. A
sufficient amount of polycation was added stepwise to ensure complete condensation. The
resulting fibrous polyplex samples thoroughly mixed by vortexing and spun down.
Condensates were then transferred to 10 mM Tris-Cl containing ∼ 10 µM excess

polycation solution. Samples were measured approximately 1 hr after preparation.
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X-ray scattering experiments were performed using a graded-multilayer focused
Cu Kα radiation (1.54 Å) from a Nonius FR-591 rotating anode fine-focus X-ray generator
operating at 45 kV and 20 mA. Collimation of the primary beam used a fine rear aperture
beam tunnel. Samples were sealed with a bath of buffer solution (10 mM Tris-Cl) in the
sample cell and then mounted into a custom sample holder at room temperature. Sample to
detector flight path was filled with helium gas to minimize air scatter. Diffraction patterns
were recorded with a PT-135 CCD detector, with phosphor optimized for Cu Kα radiation.
Images were analyzed with Fit2d and OriginPro 2019b software. Calibration of the SAXS
sample-to-detector distance was performed using silver behenate powder and found to be
23.2 cm. Bragg scattering peaks were used to determine interaxial DNA−DNA spacings.
Bragg scattering peaks were used to determine interaxial DNA–DNA spacings. For a
hexagonal lattice, the relationship between the Bragg spacing and the actual interaxial
distance between helices (Dint) is calculated as Dint = (2/√3)DBr. For different samples
equilibrated under the same conditions, Dint values were reproducible to within ∼ ±0.1 Å.

No significant sample degradation was observed due to X-ray exposure. Typical exposure
times were 120 s.
2.5.3

Dynamic light scatter (DLS)

The hydrodynamic radii (Rh) of different DNA polyplexes were measured using
a Brookhaven Zeta PALS Zeta Potential Analyzer in the Multi-Angle Particle Size Option
at a scattering angle of 90o at 25 oC. Before preparation of the particles, all solutions were
filtered through a Whatman 25 mm GD/X filter unit with 0.45 µm pore size to exclude
colloidal contamination. Samples were prepared by mixing 1 µg of pBR322 DNA with
each polycation (at N/P 3) in 1000 µL of 10 mM Tris. Samples were thereafter incubated
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at room temperature for 30 minutes, then measured. Samples were prepared in triplicates
with the diameter obtained in each replicate being the average of 5 scattered intensity
weighted scans taken over 150 seconds.
2.5.4

Ultraviolet-Visible (UV-Vis) Spectroscopy

DNA precipitation was monitored by UV-Vis measurements using a Thermo
Evolution 201 UV-Vis spectrophotometer. Polycation was titrated into a 100 µg calf
thymus DNA solution in 10 mM Tris-Cl buffer (pH 7.5). Before measurement, all samples
were diluted to a final volume of 300 µL with 10 mM Tris-Cl. Each sample was then
vortexed, incubated at RT for at least 10 minutes, then centrifuged at 11000 x g for 15 min.
Then 250 µL of supernatant solution was placed in a 1 mm pathlength cuvette. UV-Vis
spectra was obtained in the range of 200–400 nm. DNA precipitation was followed by
measuring the change in absorbance of the supernatant at 260 nm as a function of
increasing polycation concentration. Normalized absorbance was plotted as a function of
the nitrogen-to-phosphate (N/P) charge ratio of the resulting polyplexes.
2.5.5

Agarose Gel Electrophoresis

Cleavage studies of supercoiled pBR322 DNA by AAPH was performed by agarose
gel electrophoresis experiments. DNA damage was measured by the conversion of
supercoiled plasmid DNA to open circular and linear forms through single strand nicks and
double strand breaks. Radicals for inducing plasmid damage were generated by thermal
degradation of AAPH in aqueous solution incubated at 60 ºC for 1 hour. Supercoiled
pBR322 plasmid DNA (200 ng) was treated with varying concentrations of AAPH in buffer
diluted to a final volume of 10 µL. DNA Samples were vortexed and heated for 1 hr at the
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indicated temperature to induce DNA damage. After incubation with AAPH, samples were
mixed with 2 µL of 6x loading dye and loaded on a 0.8% agarose gel and electrophoresis
for 1 hr at 85 V for ~2 hr in 1x Tris-acetate-EDTA (TAE) buffer. For DNA polyplex
samples, polplexes were mixed to the desired N/P charge ratio, vortexed and incubated at
RT for 10 min. Pre-heated AAPH and 10 mM Tris buffer was added to bring final volume
of samples to 10 µL and incubated for 1 hr at the desired temperature. After incubation
with AAPH, polyplexes were then decondensed by adding 100 µg of dextran sulfate to
each tube and incubated for 10 min at RT before loading samples onto the 0.8% agarose
gel. After electrophoresis, gels were stained in ethidium bromide (EtBr, 2.5 µg/mL) for 45
min, then destained in 1x TAE buffer for 30 min. Gel images were captured by UV
transillumination with a BioRad ChemiDoc XRS system. Band intensities on gels were
quantified using Image Lab 6.0 software (Bio-Rad). To account for the decreased ability
of ethidium bromide to intercalate into supercoiled DNA versus nicked DNA and linear
DNA183, a correction factor of 1.52 was applied to supercoiled DNA. The fraction of each
form of DNA in a lane was calculated by dividing the intensity of each band by the total
intensities of all bands in the lane.
2.5.6

Atomistic molecular dynamics simulations

Atomistic molecular dynamics (MD) simulations of a DNA double helix in the
presence of either R3, R6 or R20 were performed using the Gromacs 5.0.7 software
package.184 An effictively infinite dsDNA helix was made by placing a helix with sequence
d(CG)10 in a simulation box of approximate dimensions 150 Å × 150 Å × 68 Å and binding
the top and bottom of the helix across the periodic boundary condition along the z-axis.
Either 40 R3, 20 R6, or 6 R20 chains were randomly added to respective simulation boxes,
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resulting in an N/P ratio of 3.0 in each system. Systems were solvated with ~ 48,000 TIP3P
water molecules, and then, neutralized by randomly replacing water molecules with 80 Clions. The parameters for DNA, arginine, water, and ions used in all simulations were the
AMBER99 forcefield (AMBER99bsc0185 for DNA and AMBER99sb-ildn-phi186 for
arginine)

subject

to

NBFIX

corrections187

that

were

downloaded

from

https://bionano.physics.illinois.edu/CUFIX. Equilibration was performed using 5000 steps
of steepest descent energy minimization followed by 100 ps of NVT simulation in which
the system was heated from 0 to 300 K and 100 ps of NPT simulation at a pressure of 1
atm. The simulations were then continued for 100 ns of production simlation using an
integration time step of 2 fs. Temperature and pressure were maintained at 300 K and 1
atm using the Nose-Hoover and Parrinello-Rahman schemes, respectively, with coupling
constants of 2 ps. Long-range electrostatic interactions were treated with the particle mesh
Ewald method using a 12 Å cut-off and 1.5 Å resolution grid.
Interactions between DNA and arginine were analyzed during the final 50 ns of the
simulations using analysis tools available in Gromacs184. Arginine residues were defined
as being in contact with the DNA when any atom of the residue was within 3 Å of any
DNA atom, and a polyarginine chain was defined as being in contact with the DNA when
any of its residues was in contact with the DNA. The Solvent Accessible Surface Area
(SASA) of DNA was measured using the sasa command of Gromacs.184 We also defined a
contact fraction for each arginine residue by dividing the number snapshots in which the
residue was in contact with the DNA by the total number of snapshots analyzed. Simulation
systems were visualized using VMD 1.9.3188
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CHAPTER 3. POLYCATION CHEMISTRY CONTROLS OXIDATIVE
DAMAGE OF CONDENSED DNA INDUCED BY FENTON REAGENT

3.1

Introduction

Spermatogenesis, the synthesis of the male gamete, - the sperm is a complex, multistep process. The final stages, referred to as spermiogenesis, involves several
morphological processes that results ultimately in the mature sperm cell. 27, 189, 190 During
spermiogenesis, the cellular apparatus for DNA packaging is greatly modified with the
replacement of the vast majority of histones (>90%) with arginine-rich peptides known as
protamines.

28, 58, 191

In addition to arginines, mammalian protamines bear residues like

cysteine, serine and threonine that are sites for post translational modifications (PTMs)
vital for proper sperm chromatin processing.

28, 47, 49

Post translational modifications

(PTMs) observed in protamines include methylation, acetylation, phosphorylation, and
disulfide bond formation.

53, 56, 61, 192, 193

This repackaging of sperm chromatin with

protamines results in a structure that occupies approximately 1/20th the volume of somatic
cell nuclei.28
Protamines are synthesized in the cytoplasm and then rapidly translocated to the
nucleus for binding to DNA.54,

55, 194

Newly synthesized protamines are extensively

phosphorylated soon after synthesis in the cytoplasm. Phosphorylation of protamines
usually occurs on the hydroxyl side chain group on serine and threonine residues.195-197 In
vivo, mammalian protamine 1 is phosphorylated by SR protein kinase 1 which recognizes
and modifies the serine residue in an arginine/serine dipeptide motif.

63, 198

The

phosphorylation of protamines is thought to modulate its binding to DNA. Upon binding
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DNA, the phosphorylated protamines are then dephosphorylated. 61, 64 Oliva and Dixon 66
suggest that the negative charges of the phosphate groups on phosphorylated serine
residues transiently reduces the electrostatic attraction between protamine and DNA. This
would

allow

incorrect

nucleoprotamine

complexes

to

adjust

and

reform.

Dephosphorylation afterwards would then result in increased electrostatic interaction,
triggering tighter chromatin compaction.
The role of phosphorylation as a post translational modification in protamine/
sperm chromatin is not well understood.56,

58, 192

The presence of phosphorylated

protamines have been observed in mature sperm of several mammalian species.65, 67, 68, 195,
199

Recently, Itoh et al 69 showed that a failure of dephosphorylation of serine 56 in mouse

protamine 2 results in infertility. Evidence also exists for exogenous phosphorylation of
sperm protamine from environmental sources. Sanchez-Pena et al

200

observed altered

sperm chromatin structure with increased DNA fragmentation in men exposed to
organophosphorus pesticides. In a subsequent paper, they detected increased levels of
phosphoserine in mice protamine after exposure to organophosphorus pesticides.201
However, not much is known to relate the impact of mispackaging caused by
phosphorylation with accumulation of DNA damage in the condensed state.
Here, we have used reconstituted sperm chromatin structures to study DNA
packaging and accessibility of free radicals to sperm chromatin containing residual
phosphates. Our reconstituted sperm chromatin systems are composed of DNA and
oligoarginine peptides that are models of the arginine clusters in the DNA-binding domain
of protamine.49 In previous studies,154 we showed that insertion of uncharged and negative
groups into oligoarginine peptides significantly alters the attractive and repulsive forces
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involved in DNA condensation resulting in a polycation specific DNA packaging. We
hypothesize that residual phosphorylation in sperm chromatin results in defective
packaging that allow for increased accessibility to free radicals and other DNA-damaging
species in the highly oxidizing environment where mature sperm cells are stored. In this
study, we investigated the effect of different condensing agents on inhibiting DNA damage
within DNA condensates. We show that iron-mediated DNA damage is dependent on the
nature of the polycation and the resulting DNA packaging density in the condensed phase.
In particular, the presence of a phosphoserine residue significantly increases the DNA base
oxidation observed in the packaged state. Finally, we used free radical scavengers to show
that different radical species, specifically hydroxyl radical, superoxide anion and singlet
oxygen, are all present in oxidative damage to DNA by iron-mediated Fenton reaction and
capable of damaging DNA in the condensed state.

3.2
3.2.1

Results
DNA Precipitation by Oligoarginine Peptides

In aqueous solutions, trivalent or higher valence polycations are known to
spontaneous condense DNA.40, 147, 155, 167 The ability to precipitate DNA is dependent on
the nature of the condensing agent. We therefore used ultraviolet-visible (UV-Vis)
spectroscopy to monitor the precipitation of DNA by oligoarginine peptides. In the
common B-form, DNA has a characteristic maximum absorbance at 260 nm (A260). Upon
addition of condensing agents, there is a decrease in the measured A260 values indicating
the precipitation of DNA. Increasing amounts of oligoarginine peptide was added to 50 µg
of calf thymus DNA in 0.1X PBS as described in methods. After 30 min incubation at room
temperature, samples were centrifuge and A260 values of the supernatant were recorded as
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a function of the added peptide concentration and normalized. As shown in Figure 3.1, all
oligoarginine peptides used in this study were able to condense DNA. With increasing
peptide concentration, we see a continuous decrease in the measured A260 values with full

Figure 3.1 DNA precipitation assay by oligoarginine peptides. Data represent fraction of
calf-thymus DNA remaining in supernatant as a function of increasing peptide
concentration as determined by UV-Vis absorbance. All points in curves are mean ± SD of
3 determinations normalized relative to A260 measured in the absence of any peptide.
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DNA condensation occurring at ~ 0.20-0.25 mM peptide. We can convert this to a N/P
charge ratio using the molar ratio of cationic amines on the peptide (N) to the negatively
charged DNA phosphates (P). Full condensation of the DNA for all five peptides studies
therefore occurs at N/P charge ratios of ~1.6-1.7. To ensure complete condensation for all
systems, later experiments were performed at N/P 2.

3.2.2

Oligoarginine peptides condense DNA into a hexagonal lattice

Upon condensation with polycations, DNA is tightly compacted with DNA helices
arranged in a hexagonal array.202, 203 The interhelical DNA-DNA spacing, and thus DNA
packaging density, within these polyplexes is dependent on the polycation used. Smallangle X-ray scattering (SAXS) experiments were used to determine the resulting DNA
packaging inside our oligopeptide- DNA complexes.

Interhelical DNA-DNA spacings

were calculated from the Bragg scattering peak, as discussed in methods, and followed as
a function of time for each polycation condensing agent. Once condensed, DNA helices
are not touching but separated by a layer of water. Interhelical spacings in condensed DNA
therefore represent a balance between the attractive and repulsive forces in the condensate.
Figure 3.2 (Top) shows the SAXS intensity profiles of DNA condensed with different
oligoarginine peptides. For clarity, the curves are shifted by an arbitrary factor. From
bottom to top curves, (R3pSR3 → R6) the Bragg peak shifts from left to right (with
scattering vector q = 2.202 nm

-1

for R3pSR3 to q = 2.526 nm

-1

for R6). The interhelical

spacing between DNA helices (Dint) is inversely proportional to the experimentally
measured scattering vector q from the Bragg peak observed in SAXS. Therefore, R6-DNA
is more tightly packaged (Dint = 28.8 Å) compared to R3pSR3-DNA (Dint = 33.0 Å).
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Figure 3.2 Small-angle X-ray scattering (SAXS) measurements of arginine peptides. Top
is scattering intensity profiles of DNA polyplexes formed with different peptides measured
after 1 hr. Bottom is equilibrium spacing (Dint) monitored over a 4-week period. Deviation
in SAXS measurements are within ± 0.1 Å.

Interhelical spacings for all oligoarginine peptide-DNA complexes are given in Figure 3.2
(bottom). Consistent with previous results, the insertion of a serine into R6 results in a 0.5
Å increase in Dint, yet the insertion of a phosphoserine dramatically increases the spacing
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by as much as 4.2 Å. We showed previously by osmotic stress measurements that this
change in Dint is driven primarily by increases in the repulsive force due to the addition of
the uncharged or negatively charged amino acid.154 Similar results are also seen with DNA
condensed by R3ER3 giving a Dint = 31.9 Å. As the incorporation of an aspartic acid (E) or
phosphoserine (pS) also decreases the net valency of the hexaarginine peptides, we have
also included R5-DNA for comparison. Monitoring Dint over a four-week period, we see
some rearrangements with time with the largest changes observed for R3pSR3-DNA where
Dint decreased by ~1.5%. Overall, the equilibrium interhelical spacings measured after 4
weeks in this study are in good agreement with those measured in previous studies using
different sample preparation conditions and DNA source and equilibrated for 2 weeks.154

3.2.3

Fenton-mediated plasmid DNA nicking

We next carried out studies to determine the effect of buffer on the iron-mediated
damage of plasmid DNA. Fenton reagent, a mixture of Fe2+ and hydrogen peroxide (H2O2),
is known to produce hydroxyl radicals capable of DNA damage.204 Plasmid DNA (pUC19,
200 ng) with 1 mM H2O2 was treated at different concentrations of FeSO4 for 30 min and
DNA damage was determined using a DNA nicking assay. Under physiological conditions,
pUC19 plasmid DNA exists predominantly in the supercoiled (SC) conformation.
Oxidative damage in the form of a strand break relaxes the supercoiled DNA to the open
circular (OC) form for single strand breaks or linear (L) form for double strand breaks.
These three DNA conformations migrate differently in agarose gel electrophoresis
allowing for easy separation and identification (Figure 3.3 top). Quantification of the DNA
existing in the undamaged and damaged conformations can be achieved by densitometric
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Figure 3.3 (Top) Agarose gel electrophoresis showing dose-dependent damage to pUC19
DNA (200 ng) incubated with varying concentrations of FeSO4 + 1 mM H2O2, and for 30
mins at room temperature in water or 0.1X PBS. Lane 1 shows pUC19 DNA in the absence
of Fenton. Lanes 2-8 show pUC19 DNA with increasing FeSO4 concentrations as indicated
above the lanes. The positions of the supercoiled (SC) DNA, relaxed open circular (OC),
and linear (L) DNA are indicated by labels Bottom is quantification of undamaged
supercoiled bands. Values are mean ± standard deviation (n = 3).
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analysis of gel images. Extensive double strand breaks lead to the formation of short DNA
fragments that migrate fast and are often seen as smears on the gel.
As shown in Figure 3.3, the presence of PBS decreases the rate of the cleavage
activity for iron-mediated DNA damage. Plasmid DNA (pUC19) is primarily supercoiled.
Hydrogen peroxide without iron does not cause DNA damage (lane 1). With added iron,
we observed a dose-dependent increase in damaged DNA in both H2O and 0.1X PBS.
Concentrations as low as 10 µM ferrous sulfate (FeSO4) was sufficient to induce single
strand breaks resulting in more open coil conformation being observed. At higher
concentrations of FeSO4, the occurrence of double strand breaks is visualized by the
appearance of linearized DNA bands. In both buffers, 200 µM ferrous concentration was
sufficient to convert nearly all supercoiled DNA into the open coil or linear forms after 30
mins. At Fe2+ concentrations below 200 µM, the presence of PBS buffer reduces the
amounts of iron-mediated DNA damage produced in 30 min. For example, at 100 µM
FeSO4, only ~20% of the DNA is in the supercoiled form in Fenton/H2O compared to ~40%
in Fenton/PBS. This indicates the addition of phosphate buffer likely decreases the flux of
peroxide radicals reaching DNA relative to H2O.204

3.2.4

DNA protection by oligoarginine peptides

Given the results in Figure 3.3, we chose to use 200 µM FeSO4 + 1 mM H2O2
conditions for our studies on the protective properties of our oligoarginine peptides from
free radical-mediated oxidative damage induced by Fenton reagent. Polyplexes were
formed with pUC19 plasmid DNA mixed with oligoarginines at N/P charge ratio of 2 to
ensure full condensation. Polyplex particles were incubated for 30 min then exposed to
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Fenton reagent for 30 min. After Fenton reagent exposure, polyplexes were decondensed
by competitive dissociation with dextran sulfate and immediately subjected to agarose
electrophoresis. As shown in Figure 3.4, all oligoarginine condensing agents confer
protection to DNA from Fenton reagent. While all uncondensed plasmid DNA are nicked
in one or both strands, condensation with oligoarginines result in varying amounts of the
DNA remaining in the undamaged supercoiled conformation. The level of protection
conferred to DNA depends on the peptide used to condense DNA. Quantification of the
gel bands revealed that while ~ 25 % of the DNA condensed with R3pSR3 remains in the
undamaged supercoiled form, roughly twice that amount of DNA (~ 50 %) is undamaged
in DNA packaged with R6. No significant difference is observed in protection to DNA
condensed with R6, R3SR3 or R5. The presence of a negative charged amino acid in the
form of a phosphoserine (R3pSR3) or glutamate (R3ER3) both lead to significantly reduced
protection of DNA in the condensed state (P < 0.001). However, DNA condensed with
R3ER3 is significantly better protected than DNA condensed with R3pSR3.
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Figure 3.4 (top) Gel electrophoresis of peptide-condensed DNA incubated with 200 µM
of FeSO4 + 1 mM H2O2 for 30 mins at room temperature. Samples were condensed at a
charge ratio (N/P = 2) for 30 minutes before treatment with Fenton reagent. (bottom)
Relative amounts of undamaged supercoiled form of DNA. Data are shown as mean ± SD
(n = 10). Statistical significance was assessed using one-way analysis of variance
(ANOVA) followed by Tukey's post hoc test. ** P < 0.001
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3.2.5

Oxidized nucleobase damage

Although single and double strand nicking of DNA plasmid gives a quantitative
measure of DNA damage, it does not give an accurate description of the total DNA damage
occurring. Non-strand damage in the form of oxidized base lesions is also known to
occur.205-207 We quantified oxidized base lesions by measuring the increase in strand
breaks that occurred following treatment of Fenton-damaged DNA with the DNA base
excision damage repair enzymes - formamidopyrimidine-DNA glycosylase (Fpg) and
endonuclease VIII (Endo VIII). Fpg and Endo VIII preferentially detect the presence of
oxidized purines and oxidized pyrimidines, respectively.118 Here, oligoarginine-condensed
pUC19 plasmid DNA (N/P 2) were formed and exposed to Fenton reagent as described in
section 3.2.4. Decondensed DNA samples were thereafter incubated at 37 °C for 30 min
with 100 U/mL Fpg or Endo VIII.
Figure 3.5 shows that although R6 and R3pSR3 protect DNA against strand breaks
induced by Fenton chemistry to different degrees (as seen in Figure 3.4), further damage
in the form of oxidized bases also occurs in the condensed state. Upon treatment with Fpg
and Endo VIII, a further reduction in the amount of supercoiled DNA is observed,
indicating the portion of damage due to base oxidation. Our findings reveal that for both
peptides, there is a significant difference in the amount of undamaged supercoiled DNA
between samples treated with Fpg versus those untreated. In the case of Endo VIII
treatment, while the results show the presence of some oxidized pyrimidine lesions, the
difference is not significant. We observed that for DNA condensed with both peptides, 90
- 93 % of the damage is either due to strand breaks or the presence of oxidized purines. In
the case of R6, ~ 63 % of the observed damage is due to strand breaks with oxidized purines
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accounting for 26 %. For R3pSR3, the proportions are roughly 82 % and 11 % of strand
breaks and oxidized purines respectively.

Figure 3.5 Analysis of oxidative non-strand break damage using (a)formamidopyrimidine
DNA glycosylase (Fpg) to quantify oxidized purines and (b) endonuclease VIII to quantify
oxidized pyrimidines in 200 ng DNA incubated with 200 µM FeSO4/1 mM H2O2 for 30
mins at room temperature. Bars represent mean ± SD of supercoiled form of DNA. (n = 5).
Statistical significance was assessed using one-way analysis of variance (ANOVA)
followed by Tukey's post hoc test. * P < 0.05, ** P < 0.001, ns (not significant)

In the next series of experiments, we exposed the condensed DNA samples to
Fenton reaction using 10-fold lower ferrous sulfate (20 µM FeSO4 + 1 mM H2O2). Overall,
we still find that R6 confers greater protection to the DNA compared to R3pSR3 (Figure
3.6). Evaluation of the plasmid damage profile revealed that for R6, DNA damage appears
to be almost evenly distributed between strand breaks and oxidized purines (53 % and 41
% respectively). In the case of R3pSR3, strand breaks account for 75 % of the damage, with
a further 20 % being oxidized purines. We also observed that at both Fenton conditions
studied, the total oxidized base damage (purine plus pyrimidine damage) in R6-condensed
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DNA was usually about twice that of R3pSR3-condensed DNA (47 % and 25 % for R6 and
R3pSR3 respectively at 20 µM FeSO4; 37 % and 18 % respectively at 200 µM FeSO4).

Figure 3.6 Strand breaks and oxidized lesions in R6 and R3pSR3-condensed pUC19 DNA
exposed to low levels of Fenton radical-generating system (20 µM FeSO4). Bars represent
mean ± SD of supercoiled form of DNA. (n = 3). Statistical significance was assessed using
one-way analysis of variance (ANOVA) followed by Tukey's post hoc test. **
P < 0.001, ns (not significant)
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Next, we sought to identify the reactive oxygen species (ROS) involved in the
damage process. Considerable controversy continues to surround the exact species
implicated in Fenton chemistry. It is now known that the radical species present depend on
the conditions of a particular Fenton reaction system. Factors such as the pH, nature of
ligand, buffer, concentration of Fe (II) and hydrogen peroxide and the presence/absence of
oxygen affect the mechanism of the reaction.208-213 Inhibition of the Fenton reaction was
checked in the presence of various free radical scavengers: potassium iodide (hydroxyl
radical); sodium pyruvate (hydrogen peroxide); tiron (superoxide anion); and sodium azide
(singlet oxygen). We carried out Fenton reaction (200 µM FeSO4 + 1 mM H2O2) using
uncondensed plasmid DNA with different concentrations of the radical scavengers. Figure
3.7 shows partial inhibition of DNA damage in the presence of potassium iodide (KI), tiron
and sodium azide (NaN3). A dose-dependent increase in the recovery of supercoiled DNA
is observed as the concentration of scavengers is increased from 1 - 20 mM. No appreciable
inhibition of damage was observed in the presence of sodium pyruvate at all concentrations
studied. This result suggests that in our Fenton system, hydroxyl radical, superoxide anion
and singlet oxygen all contribute to the damage observed.
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Figure 3.7 ROS quenching assay with different radical scavengers. Left are representative
gels showing quenching of radicals formed from the incubation of 200 ng DNA with 200
µM of FeSO4 for 30 mins at room temperature. Lanes 3-7 include the radical scavenger at
millimolar concentrations as indicated at the top. Right panel shows increase in scavenged
supercoiled form of plasmid DNA with increasing concentration of ROS scavenger. Data
points are mean ± SD of 5 experiments.

Next, we investigated the effect of multiple ROS scavengers. We carried out Fenton
reaction (200 µM FeSO4 + 1 mM H2O2) in uncondensed plasmid DNA supplemented with
different combinations of ROS scavengers. All radical scavengers investigated in this
experiment were used at a concentration of 10 mM. Figure 3.8 show that there is some
additive effect of multiple radical scavengers. We observed that there is no significant
difference between the scavenging effect of tiron, KI or NaN3 alone or with the inclusion
of pyruvate. Co-incubation of any two of tiron, KI or NaN3 results in an additive effect in
the amount of supercoiled DNA recovered. Addition of all 3 radical scavengers together
significantly inhibits Fenton damage to DNA comparable to the undamaged control DNA.
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Figure 3.8 Additive effect of radical scavengers to uncondensed pUC19 DNA (200 µg)
incubated with 200 µM FeSO4 for 30 mins at room temperature with ROS scavengers (10
mM). Lanes 7-13 contain multiple scavengers all at 10 mM each. Quantification of
supercoiled band of pUC19 DNA (mean ± SD; n = 3). N = NaN3; T = Tiron; K =KI. Results
were compared using one-way ANOVA followed by Tukey's multiple comparison test.
Different lowercase letters above bars denote statistically significant differences between
groups (P < 0.05).
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To shed further light on the species involved in DNA damage in the condensed state,
we also examined the effect of radical scavengers on iron-mediated DNA damage in
polyplexes. Polyplexes containing R6 and R3pSR3 were formed and incubated for 30
minutes at room temperature. After incubation, scavengers at a concentration of 10 mM
were added and then Fenton reaction carried out. Figure 3.9 shows that all radical
scavengers studied significantly reduced the amount of strand breaks in uncondensed as
well as in R6-condensed and R3pSR3-condensed DNA (P < 0.001). R6-DNA had
significantly lower levels of strand breaks in the presence of scavengers compared to
R3pSR3-condensed DNA. We also observed a significant difference in strand breaks in R6condensed DNA containing tiron compared to KI. There was however no significant
difference between tiron and NaN3 supplemented samples (P = 0.120). Surprisingly,
addition of ROS scavengers to R3pSR3-condensed DNA did not result in any significant
change in the amount of strand breaks compared to uncondensed DNA (P = 0.134 for KI;
P = 0.132 for tiron; P = 0.646 for NaN3). The inclusion of ROS scavengers also resulted in
significant reduction in the accumulation of oxidized base lesions in R6-condensed DNA
but not in R3pSR3-condensed DNA (P < 0.001). In the case of R3pSR3, although the levels
of oxidized base damage in the presence of Tiron or NaN3 were higher than in KI or
samples without scavenger, the differences were not significant. In addition, we also
observed no significant difference in the amounts of oxidized base damage between R6condensed and R3pSR3-condensed DNA supplemented with any ROS scavenger.
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Figure 3.9 Protective effect of 10 mM radical scavengers -Tiron, KI and NaN3 against
DNA damage in the condensed state. Results are shown as mean ± SD (n = 5). Statistical
significance was assessed using one-way analysis of variance (ANOVA) followed by
Tukey's post hoc test. * P < 0.05, ** P < 0.01, ns (not significant)

3.3

Discussion

A distinct feature of protamines is the presence of arginine clusters found in the
DNA-binding domain of the peptide. The primary sequence of piscine protamines have
approximately one phosphorylation site per 6 arginine residues. Hence, the short arginine
peptides used in this study are good protamine mimics that model the kinds of interactions
existing between protamine and DNA in mature sperm chromatin. Furthermore, extensive
studies have shown that in vitro condensation of DNA with polycationic peptides results
in the formation of well-ordered nanoparticles.37, 214-217 In these reconstituted systems,
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DNA is often ordered into toroidal structures, similar with what has been observed in native
sperm chromatin.28, 37, 218-221 Such reconstituted systems as employed in this study therefore
serve as useful models for studying protamine packaging in mature sperm.
Generally, arginine and lysine peptides condense DNA to the region of 27 - 36 Å;
the observed differences in compaction depending on the length and nature of the
condensing agent.153, 155 Once condensed, the DNA helices do not touch but are separated
by ~7-16 Å of water depending on the condensing agent used. The measured DNA-DNA
interaxial spacings are a balance between long-range attractive and short-range repulsive
forces.31, 32, 154 We previous studied the effect of amino acid insertion in hexaarginine
peptides on the forces driving DNA condensation.154 The addition of uncharged or
negatively charged moieties into the oligoarginine peptides decrease the repulsive, and to
a lesser extent attractive, forces resulting in different DNA packaging densities. Here, we
have used this to control the DNA packaging density within the condensed phase for our
DNA damage studies. In this study, we measured interaxial spacings ranging from 28.8 Å
in R6 to 33.0 Å in R3pSR3 in good agreement with previous work. Inserting a negative
charge, such as glutamic acid or phosphoserine, reduces the net charge of the hexaarginine
peptide to +5, so for comparison we have also included R5-DNA into this study. The DNA
packaging of R3SR3-DNA was nearly identical to that observed for R5-DNA. However,
phosphorylation of this serine residue induces dramatic change in the DNA packaging as
observed by the 4 Å increase in interaxial spacings. During spermatogenesis,
phosphorylated protamines replace transition proteins and are then dephosphorylated to
achieve tight DNA packaging. In sperm chromatin, therefore, the presence of residual
phosphorylation on protamines would therefore be expected to have large effect on the
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final DNA packaging density achieved. In these samples, an increase of Dint of 4 Å is
proportional to an ~34% decrease in the DNA packaging density in the R3pSR3-DNA
complex relative to R6-DNA. This significantly less tight packaging of DNA by R3pSR3
potentially allow for greater access to the DNA by free radicals and other DNA-damaging
species. DNA polyplexes are known to be able to rearrange over time. For all systems
examined in this study, only modest rearrangements within the condensates are observed
over one month.
DNA condensed by the different oligoarginine peptides all render different levels
of protection against radical-induced damage. This agrees with past studies that
demonstrated that polyamines protect DNA from damage.37,

222-224

We show that all

condensing agents inhibit iron-mediated DNA damage (Figure 3.4) with the most
inhibition occurring for polyplexes with the highest DNA packaging densities. DNA
condensed with R6, R3SR3 and R5 have comparable interaxial spacings (Dint ± 0.5 Å) and
confer similar protection to DNA. Although R6 protects DNA better than R3SR3 or R5, there
is no significant difference between these 3 peptides. The presence of a phosphoserine
(R3pSR3) in the peptide results not only in significantly lower DNA packing but also
significantly higher DNA damage observed in the condensed state compared to either R6DNA or R5-DNA (P < 0.001). Tight DNA packaging as exists in sperm chromatin restricts
access to the genetic material and is thought to protect the integrity of the genetic
information encoded by the paternal DNA. The significant difference in DNA damage
observed between the phosphorylated and unphosphorylated peptide in this study may have
biological relevance. Previous studies on sperm chromatin suggest that phosphorylation of
protamine is critical for precise laying down of protamines and correct nucleoprotamine
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formation in sperm chromatin, with subsequent dephosphorylation leading to further
compaction of the sperm chromatin.61, 66 However, the presence of residual phosphorylated
protamines in mature sperm have been observed and their precise function is not well
understood.56, 57, 65, 67 Our results here suggest that residual phosphorylation on protamine
in mature sperm chromatin is likely to render the sperm more susceptible to accumulation
of DNA damage.
The use of Fpg and Endo VIII in DNA damage assessment is anchored on their
multifunctional chemistry. Fpg and Endo VIII are bifunctional enzymes possessing both
glycosylase and AP lyase activities. The glycosylase activity detects and cleaves damaged
bases generating an AP site. The AP lyase activity cleaves the 3’ and 5’ ends of the
phosphodiester bonds in the AP site, generating a single strand break.225-228 Known
oxidized purine substrates for Fpg include 8-oxo-7,8-dihydroguanine (8-oxoGuanine), 2,6diamino-4-hydroxy-5-formamidopyrimidine (FapyG), 8-oxoAdenine, guanidinohydantoin
(Gh), spiroiminodihydantoin (Sp), 4,6-diamino-5-formamidopyrimidine (FapyA) and
methyl-fapy-guanine (MeFapyG). On the other hand, thymine glycol (Tg), uracil glycol
(Ug), 5-hydroxycytosine (5-OHC), 5,6-dihydrothymine (DHT), 5-hydroxyuracil (5-OHU)
and urea are some oxidized pyrimidines detected by Endo VIII.118,

227, 229

The broad

specificity of oxidized bases detected by these enzymes makes them considered as sensitive
probes for measuring oxidized base modifications to native DNA nucleobases.
The observation of more oxidized purines compared to pyrimidines can be
explained based on the ease of purine oxidation compared to pyrimidines. DNA purine
nucleobases guanine and adenine have lower redox potentials than cytosine and thymine 86
and are hence easier to oxidize. Furthermore, the guanine oxidation product 8-oxo-7,8
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dihydroguanine has an even lower potential than guanine and is susceptible to further
oxidation.230 Thus more DNA oxidation is expected on the purines compared to the
pyrimidines. It is interesting that R6-condensed DNA always had twice the level of
oxidized bases compared to R3pSR3. The reason for this trend is not fully understood but
may be due to sterics. The tighter packaging by R6 restricts access of radicals to the DNA
helices. With fewer radicals able to penetrate R6-DNA, DNA damage would preferentially
proceed via oxidation of bases. In the case of R3pSR3, the more open structure in the
condensate likely allows easier penetration of radicals and the damage proceeds directly
via strand breaks.
The reaction between Fe2+ and H2O2 in Fenton chemistry is known to produce
hydroxyl radical and perhydroxyl radical; the protonated form of superoxide anion (pKa
4.8).210, 231 In this study, we kept Fenton conditions at pH 7.4 using PBS buffer and hence
perhydroxyl radical would predominantly be in the superoxide form. The radical species
formed in Fenton can also react within the system and interconvert to generate other
species.232 Here, we see scavenging by Tiron, KI and NaN3 suggesting the presence of
superoxide anion, hydroxyl radical and singlet oxygen within our system. As we saw no
damage due to H2O2 alone, it is not surprising that sodium pyruvate, which preferentially
scavenges H2O2, does not appear to have any inhibition of iron-mediated DNA damage.
The inclusion of ROS scavengers in DNA condensed by both and R6 and R3pSR3
results in significant reduction in strand breaks. In addition, R6-condensed DNA also had
significantly reduced oxidized base lesions. Surprisingly, we observed that the recovery of
undamaged supercoiled DNA for all 3 scavengers appear to be quite similar. This may
suggest that all 3 ROS species are produced in roughly similar amounts and causing similar
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levels of damage within the condensed phase. Alternatively, this may indicate that these
scavengers may not be as specific in preferentially targeting one species over the others.
Although we could not definitively quantify the exact amount of each radical species
responsible for causing damage in this study, we clearly see that addition of ROS
scavengers mitigates against damage in the condensed state and causes significant
reduction in strand breaks. This observation further underscores reports on the usefulness
of antioxidants in improving male reproductive health including reduction in DNA
fragmentation index (DFI).233-235
Another interesting observation from our experiments with the inclusion of
scavengers is that there is no significant difference in DNA damage between uncondensed
DNA and R3pSR3-condensed DNA. This further emphasizes the impact of sperm
chromatin mispackaging by residual phosphates as modeled by R3pSR3. Although R3pSR3
is still able to condense DNA, such DNA polyplexes formed accumulate extensive levels
of damage in a manner that suggests protamine bearing high levels of residual phosphates
may not be biologically useful in protecting the paternal genome.

3.4

Conclusion

In this work we have explored the impact of phosphorylation on the DNA-binding
capacity and accumulation of free radical-induced damage to reconstituted sperm
chromatin. A series of oligoarginine peptides were biophysically characterized for their
ability to condense DNA and the resulting DNA packaging density. While Fentonmediated DNA damage occurs in condensed DNA, the extent of damage shows a clear
dependence on the resulting DNA packaging density which in turn depends on the chemical
composition of the peptide used to condense. The presence of phosphorylation on these
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protamine mimics is shown to particularly both decrease DNA packaging and increase the
resulting DNA oxidation in the presence of Fenton reagent. Free-radical mediated damage
experiments using Fenton chemistry in the absence and presence of free radical scavengers
suggests that superoxide anion, hydroxyl radical, and singlet oxygen production generated
in our system is involved in damaging condensed DNA.

3.5
3.5.1

Materials and methods
Materials

All reagents were used as received. All peptides were custom synthesized and
purified (> 98 %) by GenScript Corporation. Calf thymus DNA, dextran sulfate sodium
salt from Leuconostoc spp. (avg molecular weight 9,000-20,000), potassium iodide,
sodium pyruvate, sodium azide, 4,5-Dihydroxy-1,3-benzenedisulfonic acid disodium salt
monohydrate (tiron), hydrogen peroxide and iron (II) sulfate heptahydrate were purchased
from Sigma Aldrich while Agarose was purchased from VWR. pUC19 was obtained
commercially from Bayou Biolabs while the Formamidopyrimidine [fapy]-DNA
glycosylase (Fpg) and Endonuclease VIII enzymes were purchased from New England
Biolabs. Stock 10x phosphate buffered saline and 5M sodium chloride, were purchased
from Fisher Scientific. Stock (50x) TAE and E.Z.N.A Cycle Pure Kit were purchased from
Omega Bio-Tek.
Working solutions of all peptides were prepared by rehydrating in 0.1X phosphate
buffered saline (PBS) and used without further purification. Calf thymus DNA (CT-DNA)
was prepared by dissolving ∼ 10 mg of CT-DNA fibres in ∼8 mL of 0.1X PBS by gentle
inversion and then stored overnight at 4 °C. Spectrophotometric determination of the CT86

DNA solution at 260 nm was used to determine the exact concentration. A260/280 ratio was
calculated to be 1.81 indicating that stock CT-DNA was sufficiently free from proteins.
Fresh CT-DNA solutions were used within 4 days of preparation.

3.5.2

Ultraviolet-Visible (UV-Vis) Spectroscopy

The UV absorption measurements were carried out in a Thermo Evolution 201 UVVis spectrophotometer. Samples were prepared by mixing aliquots of the peptide solutions
with 50 µg of calf thymus DNA and then adjusting the final volume to 200 µl using 0.1X
PBS. Samples were then vortexed thoroughly and allowed to incubate at room temperature
for 30 minutes. After incubation, samples were centrifuged at 11,000 x g for 15 minutes to
pellet the precipitated DNA. Next, 180 µL of supernatant solution was placed in a 1 mm
pathlength cuvette and the absorbance spectrum (200 – 300 nm) of the supernatant was
measured. DNA condensation with increasing addition of peptides was monitored by
measuring the decrease in absorbance at 260 nm. Absorbance values were normalized
against the absorbance of samples containing no peptides. All experiments were carried
out in triplicate and results expressed as mean ± standard deviation.

3.5.3

Small angle X-ray scattering (SAXS)

SAXS samples were prepared by mixing solutions of peptides (∼ 1µg/µL) with 200
µg CT- DNA (∼ 1µg/µL) in several aliquots with thorough vortexing between aliquots.
Peptide addition was discontinued when all DNA had been precipitated out of solution.
The resulting fibrous samples were centrifuged at 10,000 x g for 10 minutes, collected with
87

a glass rod, rinsed with 0.1X PBS and transferred to 0.1X PBS solution containing ∼ 10
µM excess peptide solution. Samples were measured one hour after preparation and over a
4-week period. SAXS measurements were carried out using graded-multilayer focused Cu
Kα radiation (1.54 Å) from a Nonius FR-591 rotating anode fine-focus X-ray generator
operating at 45 kV and 20 mA. Samples were sealed in a sample cell with a bath of
equilibrating 0.1X PBS solution and mounted in a sample holder at room temperature. The
flight path from the sample to detector was filled with helium gas to minimize air scatter,
and the primary beam was collimated by a fine aperture beam tunnel. Diffraction patterns
were recorded by a PT-135 CCD detector. Typical exposure time per sample was 2
minutes. All images were analyzed using Fit2D and Origin 8.0 software programs.
Diffraction patterns were radially integrated to give the scattering intensity versus the
scattering vector q. The maximum reflection seen in the radial integration are related to the
Bragg spacing (DBr) of the DNA. Bragg spacings calculated as DBr = 2π/qmax were used to
determine interaxial DNA–DNA spacings. For a hexagonal lattice, the relationship
between the Bragg spacing and the actual interaxial distance between helices (Dint) is
calculated as Dint = (2/√3)DBr. For different samples equilibrated under the same
conditions, Dint values were reproducible to within ∼0.1 Å.
3.5.4

Agarose Gel Electrophoresis

Agarose gel electrophoresis was used to assess DNA damage in pUC19 DNA. After
each DNA damage experiment, 3 μL of 6X loading dye was mixed with each sample (200
ng of DNA) then added to each well of a 1.3 % agarose gel slab. Gels were typically run
at 80 V for ~ 90 min at room temperature in 1X TAE buffer (Tris-acetate-EDTA), pH 8.3
using a Bio-Rad Sub-Gel GT mini horizontal submarine electrophoresis unit (Bio-Rad)
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connected to an Electrophoresis Power Supply EPS - 300x (CBS Scientific). After gel
electrophoresis, the gels were stained with ethidium bromide (2.5 μg/ml) for 30 minutes
then de-stained in 1X TAE for 30 minutes before imaging. Gel images were captured by
ultraviolet illumination using a BioRad ChemiDoc XRS system. Band intensities were
quantified using Image Lab 6.0 software (Bio-Rad). To account for the decreased ability
of ethidium bromide to intercalate into supercoiled DNA versus nicked DNA and linear
DNA183, a correction factor of 1.25 was applied to supercoiled DNA. The fraction of each
form of DNA in a lane was calculated by dividing the intensity of each band by the total
intensities of all bands in the lane.

3.5.5

Plasmid DNA nicking by Fenton reaction

Fenton reaction was carried out using iron (II) sulfate heptahydrate (FeSO4. 7H2O)
and H2O2. A fresh solution of FeSO4 was prepared immediately just before use. pUC19
DNA (200 ng) was mixed thoroughly with the desired amount of FeSO4 and H2O2 (final
concentration 1 mM) at room temperature for 30 minutes. Total reaction volumes were
kept at 10 µL using 0.1X PBS to make up the final volume. At the end of reaction, 3 µL of
6X loading dye was added to each tube, vortexed thoroughly and then layered on agarose
gels.
For DNA polyplex samples, polyplexes were formed by mixing the desired
oligopeptide with 200 ng pUC19 DNA to achieve N/P ratio of 2. The solutions were
vortexed, spun down using a table-top centrifuge and incubated for 30 minutes at room
temperature. Thereafter, Fenton reaction was carried out as described above for 30 minutes.
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At the end of reaction, polyplexes were decondensed by adding 50 µg of dextran sulfate to
each tube and 3 µL of 6X loading dye before loading samples onto agarose gels.
For experiments to quantify oxidized nucleobase damage, 400 or 600 ng of pUC19
DNA was used for each reaction. Reaction volumes were kept at 20 or 30 µL to ensure that
pUC19 DNA was always at a concentration of 20 ng/ µL during Fenton reaction. At the
end of Fenton reaction, samples were decondensed by adding aliquots of 5 M NaCl to
achieve a final concentration of 2 M. Samples were then thoroughly mixed and then
cleaned up using E.Z.N.A Cycle Pure Kit. After cleaning up, eluted DNA sample was
divided into 2 or 3 parts then Fpg and/or Endo VIII added. Fpg or Endo VIII were added
to samples to yield a final concentration of 100 U/mL. Sample tubes were gently flicked,
spun down using a tabletop centrifuge and then incubated at 37 °C for 30 minutes.
Thereafter, 3 µL of 6X loading dye was added to samples, mixed then loaded onto agarose
gels.
In experiments with ROS scavengers, the scavengers at desired concentration(s)
were added to samples before the addition of FeSO4 and H2O2. For polyplex samples,
oligopeptides were mixed with pUC19 DNA, incubated at room temperature before the
addition of ROS scavengers and thereafter, the initiation of Fenton reaction.
3.5.6

Statistics

Data are presented as means from at least three replicate independent experiments.
Error bars presented show standard deviation (SD) of data. Statistical analysis was carried
using a one-way ANOVA test with Tukey’s post-hoc test.
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CHAPTER 4. ATTENUATION OF RADIATION INDUCED DNA
DAMAGE BY ARGININE-PEPTIDE CONDENSING AGENTS
Preface: X-ray irradiation was carried out with the assistance of Dr. Tadahide Izumi. Postirradiation, all experiments except for bacterial transformation were completed by the
author in the lab of Dr. Jason DeRouchey. Bacterial transformation was performed with
the assistance of Dr. Olaniyi Alegun in Dr. Yinan Wei’s laboratory.
4.1

Introduction

Living organisms are in constant exposure to radiation in the environment.
Radiation is classified as ionizing and non-ionizing. In biological tissues, non-ionizing
radiation, such as radio waves and microwaves, do not remove electrons from atoms or
molecules. Ionizing radiation (IR) on the other hand remove electrons from biomolecules,
leading to significantly greater cellular damage compared to non-ionizing radiation.236, 237
The major types of IR are alpha particles, beta particles, X-rays, and gamma rays. Of these,
X-rays and gamma rays are more penetrating and induce greater damage to biological
tissues.237 Radioactive elements such as radon and radium found in rocks and coal mines
also emit IR particles.238, 239
Cell nucleus DNA is considered a primary target in radiobiology as any radiationinduced damage in the nucleus will likely have the most important effects in vivo.240, 241
The impact of IR on DNA may be direct or indirect. Direct effect arises from energy
deposition directly on DNA. The indirect effect, on the other hand, occurs due to reaction
of DNA with species such as hydroxyl radicals (•OH), hydrated electrons (eaq−) and H
atoms (H•) generated by the radiolysis of water molecules in the aqueous environment.242244

Hydroxyl radicals are widely accepted as being most responsible for IR DNA damage

effects.245-247 DNA damage effects arising from IR include single-strand breaks (SSBs),
double-strand breaks (DSBs), base oxidation, and DNA-protein cross links248, 249. Among
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these lesions, DSBs are known to be highly deleterious as they often lead to cell death or
carcinogenesis when unrepaired or misrepaired.248 The impact of IR on cellular tissues has
been extensively studied with the testes being among the most radiosensitive tissues.250-252
Spermatogenesis occurs in the testes. It involves multiple cell division steps
resulting in the transformation of spermatogonia cells to primary spermatocytes, then
secondary spermatocytes, spermatids, and ultimately to the mature spermatozoa.24 Low
level radiation to the testes is known to significantly impair testicular function. Damage
may occur during direct irradiation of the testis or, more commonly, from scattered
radiation during radiotherapy treatment to surrounding tissues.253, 254 Studies have shown
that direct or scattered radiation to the testes can produce reversible or permanent sterility
in males.255, 256 For instance, male pediatric and adolescent cancer survivors treated with
radiotherapy have been shown to have lower fertility later in life.257, 258 Irradiation of mice
testes has also been shown to cause sperm DNA fragmentation.259 It is thought that the
radiosensitivity of mature sperm cells is due to the loss of antioxidant enzymes and DNA
repair mechanisms that normally occur during the maturation process of spermatids.260
With increasing environmental, occupational, and clinical exposure to radiation,
studies on the impact of radiation to various aspects of spermatogenesis and male fertility
remains of topical interest globally. During the maturation stage of spermatogenesis,
packaging of the paternal genetic material is reorganized from somatic chromatin into a
highly condensed, near-crystalline state in sperm chromatin. Successful sperm chromatin
remodeling involves the replacement of testes-specific histones with transition proteins and
ultimately arginine-rich protamines. When newly synthesized, protamines are
phosphorylated in all serine residues. Protamine phosphorylation significantly decreases
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their binding to DNA.64 Later on during maturation in the testes, the protamines are
extensively dephosphorylated leading to tighter compaction of sperm DNA of at least 6fold compared to somatic cell packaging.64, 196 A dearth of information exists on residual
phosphorylation in mature protamine and its impact on sperm DNA packaging. Recent
studies on protamine phosphorylation have focused on confirming the identification of this
post translational modification on protamines56, 57, 261 and linking phosphorylation with
infertility.69 However, not much information exists linking residual protamine
phosphorylation with DNA damage.
In this present work, we report on the radioprotective effect of cationic condensing
agents on DNA packaging and susceptibility to IR damage. We have investigated the
radioprotection of various hexaarginine peptides to DNA within reconstituted chromatin
assemblies of known DNA packaging density. DNA packaging by these polycations is not
only similar to those observed in sperm chromatin or viruses, but also polymeric gene
delivery vehicles, making these model systems to study. Like biological materials, the
application of polycationic gene delivery particles is also limited by their stability in
solution.156 DNA strand breaks and oxidized lesions were evaluated using the plasmid
nicking assay. DNA packaging densities for irradiated and non-irradiated salmon sperm
nuclei was determined by small-angle x-ray scattering (SAXS). Bacterial transformation
assay was used to quantify the transformation efficiency of plasmid DNA radioprotected
with different hexaarginine peptides. Upon condensation, we observe a large attenuation
of radiation induced damage consistent with prior reports using different condensing
agents.262-264 This attenuation depends on the peptide sequence which in turn controls the
packaging density. Specifically, we show that at high doses, radioprotection of DNA is
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severely compromised in phosphorylated hexaarginine-condensed DNA. Results of SAXS
experiments reveal that at doses as high as 200 Gy, salmon sperm nuclei packaging is not
significantly altered. Furthermore, bacterial transformation efficiency is significantly
reduced in cells transformed with plasmids obtained from irradiated phosphorylated
hexaarginine-DNA assemblies.

4.2

Results

Radiosensitivity assays were performed on 20 ng/µL plasmid pUC19 DNA
irradiated with X-rays in 0.1X PBS. Plasmid DNA was exposed to increasing doses of Xray radiation at a dose rate of ~ 2.2 Gy/min. For each radiation does, the percent of plasmid
DNA in each topological form (open coil (OC), linear, and supercoiled (SC)) was
quantified by agarose gel electrophoresis. A representative gel electrophoresis image of
pUC19 DNA after being exposed to increasing doses of X-ray radiation is shown in Figure
4.1A. With increasing radiation exposure, a dose-dependent decrease in intensity of the
supercoiled band and increase in open coil and linear bands was observed. Figure 4.1B
shows the dose-response curves for the quantification of each plasmid conformation.
Increase in open coil and linear plasmid forms correspond to formation of single and double
strand breaks respectively. The intensity of SC band decreases with increasing radiation
and by 50 Gy, all the supercoiled DNA is lost. Radiation exposure as low as 1 Gy results
in the formation of SSBs relative to unirradiated controls. These SSBs result in an increase
of the relaxed open circle band. Percentage of plasmids in the OC increases with dose and
by 50 Gy the plasmid exists predominantly in the OC or linear conformation. At 10 Gy
radiation exposure, equal fractions of OC and SC DNA are present (0.50 ± 0.05) in the

94

sample. Linearized plasmid, corresponding to DSB, is first observed at ~20 Gy radiation
exposure and becomes more prevalent at 50 Gy X-ray irradiation.

Figure 4.1 Image and data processing of X-ray irradiated pUC19 DNA. (A)Representative
agarose gel electrophoresis image of plasmid separated into open coil (OC), linear (L) and
supercoiled (SC) forms. Lane 1(c) is unirradiated pUC19 DNA while lane 2 (c*) is
unirradiated pUC19 DNA subjected to all sample treatments. (B) The loss of supercoiled
DNA and the formation of open coil and linear DNA as a function of irradiation dose (in
Gy). Each point represents the mean ± SD of three different plasmid DNA samples.
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To quantify the formation of oxidized base damage in irradiated pUC19 DNA, we
irradiated pUC19 under the same conditions used for Figure 4.1 above then treated with
100 U/mL of formamidopyrimidine [fapy]-DNA glycosylase (Fpg) and endonuclease VIII
(Endo VIII). The incubation of post-irradiated pUC19 DNA with Fpg or Endo VIII resulted
in further loss of supercoiled DNA as shown in Figure 4.2. The enzyme-sensitive cleavage
with Fpg and Endo VIII treatment represent oxidized purine and pyrimidine damage
respectively. The data as shown in Figure 4.2 reveals that X-ray irradiation to uncondensed
pUC19 DNA yields not only SSB and DSBs as shown in Figure 4.1, but also oxidized
bases primarily on purines. While no significant pyrimidine oxidation is observed, at all
radiation doses studied, significantly more Fpg-sensitive sites compared to Endo VIIIsensitive sites are present.
Using equations 1 and 2, we calculated the SSB/ plasmid and DSB/ plasmid at
radiation doses from 1 – 50 Gy. Figure 4.3 shows plots of strand breaks per plasmid against
the radiation dose before and after Fpg treatment. SSB/ plasmid and DSB/ plasmid are
shown to increase with X-ray irradiation dose. DSBs are observed to accumulate at a much
slower rate compared to SSBs. The increase in SSB/ plasmid observed after Fpg treatment
corresponds to the number of oxidized purine bases per plasmid. At low irradiation
exposures (1-10 Gy), SSB/ plasmid arising from Fpg treatment ranges from 0.1 – 0.6
SSB/plasmid. At higher exposures (20 and 50 Gy), SSB/plasmid due to Fpg treatment is
1.4 – 1.9 SSB/plasmid. This indicates that at higher radiation doses, about 2 oxidized purine
bases per plasmid are formed which are recognized and cleaved by Fpg.
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Figure 4.2 Loss of supercoiled plasmid as a function of radiation dose with and without
subsequent enzyme incubation. Post-irradiation, DNA samples were untreated or incubated
at 37 oC with Fpg or Endo VIII. Data points represent the fraction of intact supercoiled
pUC19 DNA remaining determined by agarose gel electrophoresis. Each point represents
the mean ± SD of three different plasmid DNA samples.
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Figure 4.3 Dose-response plot for strand break formation per plasmid with and without
Fpg treatment. Each point represents the mean ± SD of three different irradiated pUC19
DNA samples. Error bars are generally of the order of the graph point sizes.

Next, we sought to establish the suitability of hexaarginine (R6) as a protamine
mimic for studying radioprotection in sperm chromatin. We compared the attenuation of
radiation induced DNA damage as a function of radiation dose for pUC19 plasmid DNA
condensed with salmon protamine or R6 (Figure 4.4). Post-irradiation, we also used Fpg
to quantify the radioprotection of both peptides against oxidized base damage. The results
show that both protamine and R6 suppress the formation of strand breaks. Treatment with
FPG, however, does show the presence of oxidized DNA bases due to radiation exposure.
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The degree of radioprotection against strand break and oxidized base lesions in protaminecondensed DNA and R6-condensed DNA is nearly identical at all doses studied.

Figure 4.4 Comparison of suppression of radiation-mediated damage to DNA compacted
with hexaarginine (R6) and protamine. Loss of supercoiled plasmid as a function of
radiation dose with and without subsequent Fpg incubation at 37 oC in uncondensed,
protamine-condensed, and R6-condensed pUC19 DNA. Data points are mean ± SD of 3
different DNA samples.
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Next, we monitored the dose-dependent response of pUC19 DNA condensed with
different hexaarginine peptides of known DNA packaging exposed to radiation doses of 10
- 100 Gy. Here a serine (R3SR3) or phosphoserine (R3pSR3) was inserted into the
hexaargine peptide. We previously showed that all three hexaarginine peptides are able to
condense DNA however the DNA packaging density depends on the nature of the peptide.
Inserting a serine residue results in a relatively modest ~5% volume change compared to
R6-DNA, while phosphoserine results in a large ~58% change by volume.154 We
hypothesize that the more open structure of R3pSR3-DNA will decrease its ability to
attenuate radiation induced damage. Figure 4.5 shows the fraction of SC DNA as a
function of radiation dose. As expected, all three condensing agents produce an extensive
attenuation of the radiation induced damage. Increasing radiation dose produces a decrease
in the fraction of SC plasmid in all three peptide-condensed samples. Without Fpg
treatment, the decrease in fraction supercoiled plasmid for R3pSR3-condensed DNA is
faster than for R6 or R3SR3-condensed DNA (Figure 4.5 A). After Fpg treatment (Figure
4.5 B), the dose-response for R3pSR3-DNA is even more pronounced indicating R3pSR3DNA also accumulates oxidizes base damage at a faster rate compared to R6-DNA or
R3SR3-DNA.
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Figure 4.5 Comparison of radioprotection of pUC19 DNA by hexaarginine peptides.
Change in fraction of protected supercoil plasmid DNA function of radiation dose (A)
without and (B) with subsequent Fpg incubation at 37 oC. Data points are mean ± SD of 3
different DNA samples.
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Figure 4.6 shows the radioprotection of different hexaarginine-condensed DNA
exposed to 200 Gy irradiation. Exposure of uncondensed plasmid to radiation results in
loss of all supercoiled DNA form. Condensation of DNA by all three hexaarginine peptides
results in significant radioprotection against SSB and oxidized base lesion formation. No
significant radioprotection difference is observed in DNA condensed with R6 or R3SR3.
DNA condensed with R3pSR3, however, showed significantly less attenuation of radiation
induced DNA damage (P < 0.001) compared to R6-DNA or R3SR3-DNA. Post irradiation,
enzymatic treatment with Fpg revealed a further reduction in the fraction supercoiled for
all three condensed samples exposed to 200 Gy irradiation. While R6-condensed DNA and
R3SR3-condensed DNA have similar levels of oxidized base damage, R3pSR3-condensed
DNA has significantly higher (P < 0.001) levels of base damage.
Using equation 1, we calculated the average single strand break per plasmid at 200
Gy radiation exposure and the results are reported in Table 4.1. R3pSR3-condensed DNA
has an SSB/plasmid value of 1.1 ± 0.1 which is more than 3 times that of either R6condensed DNA (0.26 ± 0.01) or R3SR3-condensed DNA (0.29 ± 0.01). After Fpg
treatment, the SSB/plasmid value increases 0.75 ± 0.02 and 0.71 ± 0.04 for R6-condensed
DNA or R3SR3-condensed DNA respectively while SSB/plasmid for R3pSR3-condensed
DNA rose to 2.2 ± 0.3. Next, we calculated the DNA radioprotective efficiency (RPE) of
the hexaarginine peptides using equation 3. The results further illustrate that R3pSR3 is
significantly worse at protecting DNA. Post Fpg treatment, RPE for R3pSR3-condensed
DNA drops from 0.36 ± 0.04 to 0.12 ± 0.04 as opposed to R6-condensed DNA and R3SR3condensed DNA with RPE values of 0.49 ± 0.01 and 0.53 ± 0.02 respectively after Fpg
treatment (Table 4.1). Using equation (4), we also calculated the radiation chemical yields
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Figure 4.6 Radioprotection of pUC19 DNA by hexaarginine peptides exposed to 200 Gy
X-ray irradiation. Bar graphs showing the mean of supercoiled DNA recovered after
irradiation with and without subsequent Fpg incubation at 37 oC. Statistical significance
was assessed using one-way analysis of variance (ANOVA) followed by Tukey's post hoc
test. Bars with different alphabets are significantly different from one another (P < 0.001).

(G’ values) from a logarithmic plot of the fraction of supercoiled DNA in Figure 4.5. The
results as presented in Table 4.1 reveal G’(SSB) values of 0.63 ± 0.06 x 10-9 Gy-1 Da-1 and
0.69 ± 0.04 x 10-9 Gy-1 Da-1 for DNA condensed with R6 and R3SR3 respectively without
Fpg treatment. DNA condensed with R3pSR3 however had a greater than 3-fold higher
G’(SSB) value of 2.2 ± 0.1 x10-9 Gy-1 Da-1. With Fpg treatment, G’(SSB) values for R6
and R3SR3-condensed DNA increased by ~2.5 fold to 1.6 ± 0.1 x 10-9 Gy-1 Da-1 and 1.7 ±
0.6 x10-9 Gy-1 Da-1, respectively. A G’(SSB) value of 4.0 ± 0.5 x 10-9 Gy-1 Da-1 amounting
to a smaller increase factor (1.8-fold) was calculated for R3pSR3-condensed DNA. The
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radiation chemical yield for R3pSR3-condensed DNA was however still at least double the
values calculated for R6 and R3SR3-condensed DNA.

Table 4.1 Single strand breaks, chemical yield and protective efficiency of hexaargininecondensed DNA exposed to X-ray irradiation.
SSB/ plasmid*
- Fpg

a

+ Fpg

G’(SSB) x10-9

a

(Gy-1 Da-1)
- Fpg
+ Fpg
a

RPE*

a

- Fpg

+ Fpg

a

0.12 ± 0.04 a

R3pSR3

1.1 ± 0.1

2.2 ± 0.3

R3SR3

0.29 ± 0.01b

0.71 ± 0.04 b

0.69 ± 0.04 b

1.7 ± 0.6 b

0.78 ± 0.01 b

0.53 ± 0.02 b

R6

0.26 ± 0.01 b

0.75 ± 0.02 b

0.63 ± 0.06 b

1.6 ± 0.1 b

0.80 ± 0.01 b

0.49 ± 0.01 b

2.2 ± 0.1

4.0 ± 0.5

0.36 ± 0.04

* The SSB/plasmid and radioprotective efficiency (RPE) were calculated using data
obtained at 200 Gy radiation exposure. Results are mean ± s.d (n = 3).
Values in same column with different superscripts are significantly different (P < 0.001)

We also carried out SAXS experiments on 200 Gy irradiated isolated salmon sperm
nuclei to determine if X-ray exposure affects packaging density in native sperm chromatin.
Figure 4.7 shows representative SAXS curves for irradiated and nonirradiated salmon
sperm nuclei. We observed very similar diffraction peak profiles for both samples. SAXS
curves show a single sharp peak centered at scattering vector Q ~ 2.5 nm

-1

which is the

helix-helix Bragg reflection. When condensed, DNA is packed in a hexagonal array and
the interaxial spacing, Dint = (2/√3) DBragg.46 We measured Dint values of 29.2 (± 0.1) Å for
unirradiated salmon sperm nuclei, and 29.3 (± 0.1) Å for irradiated salmon sperm nuclei.
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Figure 4.7 SAXS profiles for irradiated and unirradiated salmon nuclei. Plot is the
integrated scattering intensity I, as a function of the scattering vector Q. X-ray irradiated
nuclei was exposed to 200 Gy. Insert is the interaxial DNA helix-helix spacings (Dint)

Next, we evaluated the effect of radiation on the biological viability of plasmid
DNA. We condensed pUC19 plasmid DNA containing ampicillin-resistance gene with all
three hexaarginine peptides and exposed the samples to 200 Gy irradiation. The pUC19
DNA was thereafter recovered and transformed into chemically competent E. coli DH5α
cells. Cells were allowed to grow overnight (~ 16 hrs) and the transformation efficiency of
pUC19 DNA evaluated by determining the number of colony forming units (CFUs) per µg
of pUC19 DNA (Figure 4.8). Uncondensed DNA exposed to 200 Gy irradiation failed to
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produce any colonies after transformation resulting in a transformation efficiency of zero.
In contrast, condensing plasmid DNA with R3pSR3 did result in some cells being
transformed. However, significantly more colonies in cells transformed with pUC19
obtained from R6 or R3SR3–condensed DNA compared to R3pSR3–DNA. Using equation
5, we calculated transformation efficiencies of 1.6 ± 0.4 x 104 CFU/ µg pUC19 for R6–
DNA, 1.5 ± 0.1 x 104 CFU/ µg pUC19 for R3SR3–DNA, and 0.6 ± 0.2 x 104 CFU/ µg
pUC19 for R3pSR3–DNA. We observed no significant difference in transformation
efficiency in cells transformed with pUC19 condensed with R6, R3SR3 compared to
unirradiated pUC19 DNA.
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Figure 4.8 Figure 4.8. Effect of DNA radioprotection by hexaarginines on transformation
efficiency. (top) Ampicillin-resistant E coli DH5α colonies transformed with ampicillinresistant pUC19 (10 µg). pUC19 DNA is either uncondensed or condensed with the
indicated hexaarginine peptide followed by 200 Gy x-ray irradiation exposure. (bottom)
Statistical analysis of the CFUs after transformation. Bars represent mean ± SD of
transformants. (n=3). Statistical significance was assessed using one-way analysis of
variance (ANOVA) followed by Tukey's post hoc test. Bars with different number of * are
significantly different from other groups (P < 0.05).
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4.3
4.3.1

Discussion
Strand breaks and base oxidation in irradiated pUC19 DNA

Radiolysis of water produces hydroxyl radicals which are generally accepted as
being responsible for most of the radiation-induced DNA damage.245, 246 This damage
includes oxidized lesions, single strand breaks (SSBs), and double strand breaks (DSBs).
Damage to DNA may be classified as isolated or clustered. Isolated damage includes SSBs
and oxidized bases while clustered damage include DSBs.265 The use of plasmid DNA in
investigating radiation-induced damage is well established and extensive in vitro studies
that monitor topological changes in plasmid DNA arising from strand breaks allow for
understanding radiation-induced DNA damage in vivo.266
Dose-response irradiation of uncondensed pUC19 DNA resulted in loss of
supercoiled DNA and corresponding increase in the nicked open coil conformation.
Quantification of the DNA bands and curve fitting revealed exponential loss of supercoiled
pUC19 DNA with a corresponding exponential rise in open coil pUC19 DNA. Linear
pUC19 increased proportionally with radiation dose beginning at 20 Gy. The observed
radiation dose-response trend for the 3 topological forms of plasmid DNA in this study is
in good agreement with previous studies.265, 267 In our samples, we reach roughly equal
amounts of supercoiled and open coiled pUC19 plasmid DNA at 10 Gy radiation. This
point is reached in Pachnerová Brabcová et al265 at an exposure dose of 5 Gy, and in Saloua
et al267 at 100 Gy. The observed damage is known to be dependent on several factors
including the radiation source employed, the type of plasmid, and the buffer solution
used.268 In the case of Saloua et al267, Tris buffer was utilized which is known to act as a
scavenger against radiation damage.269, 270 Hence, DNA damage should proceed slower in
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Tris than in phosphate buffer as used in Pachnerová Brabcová et al265, or 0.1X PBS in this
current study. At higher radiation doses, the appearance of linear pUC19 DNA indicates
the formation of DSBs and can be used as index of clustered DNA damage in the sample.
The use of oxidized base-specific enzymatic treatment following irradiation allows
for a more comprehensive estimation of both isolated and clustered damage. Figure 4.2
shows that after treatment with Fpg, clearly indicates the presence of oxidized purine
nucleotides. In contrast, treatment with EndoVIII clearly shows little to no formation of
oxidized pyrimidines. Taken together, the results in Figures 4.2 and 4.3 show that at low
radiation dose (1-10 Gy) nearly all DNA damage observed results from isolated damage.
Only at higher radiation doses (20-50 Gy) are clustered DNA damage, in the form of DSBs,
observed as a minor contributor to the overall DNA damage. Both clustered and isolated
DNA damage of pUC19 arise from the formation of hydroxyl radicals formed from water
ionization. 246, 247 This ionization is due to the indirect effect of irradiation in the sample.
Once formed, hydroxyl radicals may react with either the deoxyribose sugar or the
nucleobases of DNA. Reaction of hydroxyl radicals with the deoxyribose ring results in
strand breaks or abasic sites. Of the nucleobases, guanine is the most easily oxidized, and
thus a primary target of hydroxyl radical attack on DNA.83, 268 This is consistent with our
enzymatic treatment studies that showed oxidized bases due to ionizing radiation are found
almost exclusively on purines.
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4.3.2

Radioprotection of pUC19 DNA by peptides

Synthetic peptides are commonly used as mimics for protein interactions to probe
biological phenomena associated with protein binding to molecules of interest.271-273 The
use of synthetic peptides as protein mimics allows for the creation of exact copies of protein
fragments as well as diverse chemical modifications.272 Here, we used hexaarginine (R6)
as a mimic for protamine-DNA interactions found in sperm chromatin. A close
examination of protamines across multiple species reveals a common feature – the presence
of arginine clusters of 3-7 consecutive arginines.44,

49, 53

These arginines are usually

positioned in a central DNA-binding domain. Previously, we also showed that the DNA
packaging density achieved in R6-DNA is comparable to reconstituted protamine-DNA as
well as salmon sperm nuclei.46, 154 We therefore used hexaarginine peptides as a protamine
mimic to examine the attenuation of radiation induced DNA in sperm chromatin. In
reconstituted samples, the radioprotective effect of R6 is nearly identical to protamine
condensed DNA across a wide range of radiation doses (Figure 4.4). Incubation with Fpg
also shows post irradiation, both R6-DNA and protamine-DNA have similar amounts of
oxidized base lesion formation. Taken together, these results suggest that R6 is a suitable
protamine mimic for radioprotection studies. By tuning the chemistry of R6, we can study
the impact of protamine modifications on DNA damage accumulation in the condensed
state.
During sperm chromatin remodeling, one key cycle is the phosphorylationdephosphorylation of protamine in late stages of spermiogenesis. Protamine
phosphorylation

occurs

on

serine

and

threonine

residues.

The

incomplete

dephosphorylation of protamines is known to have a role in male infertility.69 In prior
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studies, we examined the effect of amino acid insertion into hexaarginine peptides. The
addition of a serine resulted in small (~5% by volume) changes in DNA packaging, while
phosphoserine decreased DNA packaging by >50% by volume. We wanted, therefore, to
determine how these amino acid insertions, and subsequent changes in DNA packing, alter
radioprotection in condensed DNA. Dose response was similar for DNA condensed with
R6 and R3SR3 due presumably to the similar DNA packaging in both condensates (Figure
4.5, Figure 4.6). In contrast, SSB formation in DNA condensed by R3pSR3 showed at least
a 3-fold increase compared to R6-DNA consistent with the lower DNA packaging density
due to the phosphate decreases the radioprotection of condensation. Post-irradiation
enzymatic treatment with Fpg also shows that R3pSR3 condensed DNA also accumulates
significantly higher amounts of oxidized bases. For example, at 100 Gy X-ray irradiation,
the RPE calculations show that DNA condensed by R6 or R3SR3 is more than 1.5-fold
better protected from ionizing radiation compared to DNA condensed with R3pSR3 (Table
4.1). With Fpg treatment, the RPE values drop for all samples due to the presence of
oxidized bases but suggest a 4-fold decrease in oxidized bases in the non-phosphorylated
hexaarginine peptide systems. The calculated RPE of 0.12 for R3pSR3-DNA after Fpg
treatment emphasizes that condensation by the phosphorylated hexaarginine peptide is
providing almost no protection against strand break and base oxidation combined.
Previous studies have shown that naturally occurring polyamines protect DNA
against radiation damage. Polyamines demonstrated to attenuate radiation induced DNA
damage include oligolysine263, oligoarginine264, spermine and spermidine246, 274, 275, and
protamine.276 The protection of condensed DNA is important for applications such as
nonviral gene delivery where polycations are used to condensed the therapeutic agent.
111

Takata et al 164 also demonstrated the protection of genomic DNA within chromatin. The
suppression of radiation damage by polyamines is ascribed to condensation which results
in exclusion of most of the DNA surface from the bulk solvent.264, 274, 276 Since majority of
the radiation-induced damage in aqueous environment arises from radiolysis of water,
exclusion of most of the DNA surface by condensation limits the accessibility to hydroxyl
radicals. Beyond just condensation, our results show that the nature of the condensing
agent, and thus DNA packaging density in the condensate, plays a critical role in
determining protection against radiation. The much looser DNA packaging achieved in
DNA condensed by R3pSR3 compared to R6 or R3SR3, most likely makes the DNA helices
more accessible to radicals and hence accumulates DNA damage faster.
To determine if X-ray irradiation alters DNA packaging in sperm chromatin, we
measured DNA interhelical spacing in isolated salmon sperm nuclei before and after
irradiation (Figure 4.7). The measured interhelical distances in the salmon sperm nuclei
are in good agreement with previous findings.46, 154 Radiation exposure at 200 Gy, although
sufficient to cause DNA damage in reconstituted sperm chromatin, does not appear to alter
the final DNA packaging density in the salmon sperm nuclei. Strand breaks or base
oxidation due to radiation at this dose are therefore unlikely to alter the chromatin structure
in vivo. DNA fragmentation at higher doses, however, would likely disrupt the chromatin
packaging.
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4.3.3

Transformation efficiency

For the bacterial transformation assay, we selected DH5α competent cells because
they carry RecA and EndA mutations and hence lack the ability to repair damage in plasmid
after uptake while at the same time preventing endonuclease degradation of transformed
plasmids.277-279 Consequently, transformants observed after overnight incubation on
ampicillin-containing (Amp+) plates are due to resistance conferred on the cells by
plasmids bearing uncompromised ampicillin resistance gene. Post irradiation, we observed
3-fold higher transformation efficiencies in cells transformed with DNA condensed with
unphosphorylated hexaarginine peptides compared to R3pSR3. In the case of uncondensed
DNA, no transformation was observed. The observed loss of transformation efficiency in
uncondensed DNA and R3pSR3-DNA complexes is most likely due to SSBs, DSBs and
fragmented DNA plasmid arising from X-ray irradiation. Strand breaks, particularly DSBs,
within the ampicillin resistance gene sequence in the plasmid ensures that DH5α cells that
take up such compromised plasmids lose the ability to grow on Amp+ plates. These results
may have biological ramifications in vivo. Sperm DNA damage has been correlated with
negative outcomes in fertility. Studies have linked sperm DNA damage with negative
reproductive outcomes such as reduced implantation rate and recurrent pregnancy loss280282

, strongly emphasizing that integrity of the paternal DNA is critical for normal embryo

development. Our results suggest incomplete dephosphorylation of the protamines likely
result in both poor DNA packaging and higher potential for DNA damage.
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4.4

Conclusions

This study has explored the impact of peptide chemistry on DNA radioprotection by
arginine peptides. We establish that hexaarginine is a suitable peptide mimic for studying
radioprotection of protamine in sperm chromatin. The incorporation of a phosphorylated
moiety in the hexaarginine greatly reduces the radioprotection of the condensed DNA
relative to unphosphorylated peptides. Transformation efficiency is a measure of the
functionality ("viability") of the plasmid.267 The increased accumulation of damage in
plasmids condensed with R3pSR3 and the resulting significant loss in viability strongly
suggests that in vivo, residual phosphates in sperm protamine can compromise the integrity
of the paternal genome used in fertilization. The findings in this study shed more light on
the impact of phosphorylation in the accumulation of damage in sperm chromatin. and
their effect on damage accumulation

4.5
4.5.1

Materials and methods
Materials

All reagents were used as received. All peptides were custom synthesized and
purified (> 98%) by GenScript Corporation. Salmon sperm nuclei was purchased from
Sigma Aldrich while pUC19 was obtained commercially from Bayou Biolabs.
Formamidopyrimidine [fapy]-DNA glycosylase (Fpg) and Endonuclease VIII (Endo VIII)
enzymes were purchased from New England Biolabs. Stock 10X phosphate buffered
saline, 5 M sodium chloride and glycerol were purchased from Fisher Scientific. CHAPS
detergent was purchased from Acros Organics and 1M Tris-Cl was purchased from
Mediatech. Agarose was purchased from VWR. Stock (50X) TAE and E.Z.N.A Cycle Pure
Kit were purchased from Omega Bio-Tek. Working solutions of all peptides were prepared
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by rehydrating in 0.1X phosphate buffered saline (PBS) and used without further
purification.

4.5.2

Plasmid DNA condensation and decondensation

Condensation of pUC19 plasmid was achieved by adding varying amounts of each
peptide to 200 ng pUC19 DNA to achieve N/P ratio of 2. The solutions were vortexed,
spun down using a table-top centrifuge and allowed to sit for 30 minutes at room
temperature. Thereafter, samples were transported on ice to the X-ray irradiation core for
radiation exposure. At the end of irradiation, samples were decondensed using high salt
concentrations. Aliquots of 5 M NaCl was added to each reaction tube to achieve a final
concentration of 2 M. Samples were thoroughly mixed and then cleaned up following the
protocol on E.Z.N.A Cycle Pure Kit.

4.5.3

X-ray Irradiation

For X-ray irradiation, 50 µL of DNA solution (20 ng/µL in 0.1X PBS) in
polypropylene tubes were irradiated using a Precision X-Ray irradiator (X-RAD-225XL,
North Branford, CT, USA) at the X-ray Service Center of the Department of Toxicology
and Cancer Biology of the University of Kentucky. The energy of the X-ray used was 225
kV at a dose rate of approximately 2.2 Gy/min. After irradiation, the samples were stored
on ice until they were analyzed by gel electrophoresis which was performed within a few
hours of irradiation.
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4.5.4

DNA damage measurement in pUC19 plasmid

DNA damage was conducted using plasmid form analysis by agarose gel
electrophoresis. Post irradiation, DNA decondensation and clean up, 3 μL of a 6X loading
dye was mixed with each sample (200 ng of DNA) then added to each well of a 1.3 %
agarose gel slab. Gels were typically run at 80 V for about 90 min at room temperature in
1X TAE buffer (Tris-acetate-EDTA), pH 8.3 using a Bio-Rad Sub-Gel GT mini horizontal
submarine electrophoresis unit (Bio-Rad) connected to an Electrophoresis Power Supply
EPS - 300x (CBS Scientific). After gel electrophoresis, the gels were stained with 2.5 μg/ml
of ethidium bromide in 1X TAE buffer for 45 minutes then de-stained for 30 minutes in
1X TAE before imaging. Gel bands were visualized by ultraviolet illumination using a
BioRad ChemiDoc XRS system. Band intensities were quantified using Image Lab 6.0
software (Bio-Rad). To account for the decreased ability of ethidium bromide to intercalate
into supercoiled DNA versus nicked DNA and linear DNA183, a correction factor of 1.25
was applied to supercoiled DNA. The fraction of each form of DNA in a lane was
calculated by dividing the intensity of each band by the total intensities of all bands in the
lane.
For oxidative damage quantification, Fpg or Endo VIII (as appropriate) were added
to 200 ng of cleaned DNA to yield a final enzyme concentration of 100 U/mL. Sample
tubes were gently flicked, spun down using a tabletop centrifuge and then incubated at 37
°C for 30 minutes. Thereafter, 3 µL of 6X loading dye was added to samples, mixed, and
then layered on agarose gels.
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4.5.5

Calculation of strand breaks, chemical yield, and protection efficiency

The average number of single strand breaks (SSB) and double strand breaks (DSB)
per plasmid were calculated using equations 1 and 2 and expressed in units of per
plasmid.283, 284
SSB =

DSB =

𝑙𝑙𝑙𝑙 �
𝐿𝐿

(1−𝐿𝐿)
𝑆𝑆

�

(1)

(2)

(1−𝐿𝐿)

S represents the fraction of plasmid DNA in the supercoiled conformation while L
represents fraction of linear plasmid.
Peptide radioprotective efficiency at 200 Gy exposure was calculated by modifying
the formula in Sueishi et al 285 as follows:
[200 Gy]pep −[0 Gy]pep

Radioprotective efficiency (RPE) = 1 − �

[200 Gy]con −[0 Gy]con

�

(3)

where [200 Gy]pep and [0 Gy]pep denote the fraction of open coil and linear plasmid
conformations from peptide-condensed pUC19 DNA exposed to 200 Gy radiation and 0
Gy radiation respectively. Open coil and linear plasmid conformations from unirradiated
DNA and uncondensed DNA exposed to 200 Gy are represented as [0 Gy]con and [200
Gy]con respectively.
The SSB radiation chemical yield (G’SSB) was calculated from the supercoiled
DNA dose response with radiation dose as described below.266, 269 The SSB yield was
calculated by fitting the data as a logarithm of supercoiled DNA fraction. D0 was calculated
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as the reciprocal of the slope of the fitted straight line and represents the radiation dose
required to give on average, one SSB per plasmid molecule.
G’SSB was calculated as given in equation 4 and expressed in units of Gy–1 Da –1:
G’SSB =

1

[𝐷𝐷0 (in Gy)×𝑀𝑀𝑀𝑀 (in Da)]

(4)

Where MW is the molecular weight of the plasmid which is 650 g mol–1 bp –1 x 2686 (the
number of base pairs in pUC19).

4.5.6

Sperm nuclei isolation

About 5 mg of crude salmon nuclei were suspended in 1 mL of 10 mM Tris-Cl (pH
7.4), then sonicated on ice. Sonication was performed with a Sonic Dismembrator Model
CL-18 (Thermo Fisher Scientific) with a one-eighth inch Microtip at 35 % power (2 x 30s)
with 2 min rest between sonications. Nuclei were centrifuged at 1000g for 5 minutes, and
the resulting supernatant discarded. Pellets were re-suspended in 1 mL of solution A (10
mM CHAPS, 100mM Tris-Cl, 20 % Glycerol) and incubated at 37 °C for 30 minutes. Next,
nuclei were cooled briefly on ice then centrifuged at 5 °C for 5 minutes at 500 x g. After
discarding the supernatant, the pelleted nuclei were resuspended in 10 mM Tris-Cl then
centrifuged at 5°C for 5 minutes at 500 x g. This was repeated for a total of two wash steps
and the cleaned nuclei were stored in 10 mM Tris-Cl. X-ray irradiation of cleaned nuclei
(300 µL) was carried out following the procedure in 4.5.3 above at a radiation dose of 200
Gy.
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4.5.7

Small angle x-ray scattering (SAXS)

SAXS experiments were carried out in 0.7 mm glass capillary tubes. About 50 µL
of the cleaned sperm nuclei was applied into the capillary tube and centrifuged at 200 x g
for 10 minutes. After centrifugation, the clear supernatant at the top is drawn off, more
nuclei applied, and centrifugation carried out again centrifuged at 200 x g for 10 minutes.
The process is repeated till sufficient nuclei (~ 6 mm) is settled at the bottom of the capillary
tube. SAXS measurement were carried out on a grazing-incidence-SAXS (GISAXS;
Xenocs Xeuss 2.0) in a vacuum chamber (<1 mbar) at wavelength 1.54 Å. The sample to
detector distance for the SAXS was determined using silver behenate and found to be 342
mm. Diffraction patterns were recorded with a PILATUS3 200K detector. Exposure time
was 45 minutes per sample and images obtained analyzed using OriginPro software
program. The diffraction patterns were radially integrated to give the scattering intensity I
versus the scattering vector q, (where q = (4π/λ) sinθ, 2θ is the scattering angle). The
maximum reflection seen in the radial integration is related to the Bragg spacing (DBr) of
the DNA. Bragg spacings are calculated as DBr = 2π/qmax. For a hexagonal lattice, the
relationship between the Bragg spacing and the actual interaxial distance between DNA
helices (Dint) is calculated as Dint = (2/√3)DBr. Measured Dint values are reproducible to
within ~ 0.1Å.

4.5.8

Bacterial Transformation

Post irradiation, 1 μL of a 10 ng/μL pUC19 was added to 50 μL of freshly prepared
chemically competent E. coli DH5α cells on ice for 30 minutes. Cells were thereafter
transformed via heat shock at 42 oC for 90 seconds in a water bath and then placed on ice
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for 2 minutes. One milliliter of Luria-Bertani (LB) solution was then added to the
transformed cells and incubated for 1 hr at 37 oC. After incubation, 12.5 μL of transformed
cells was drawn up and plated on Luria-Bertani (LB)-agar plates supplemented with 100
μg/mL ampicillin. Transformation reactions were carried out in triplicates for all samples.
The plates were incubated for 16 hours and colony-forming units (CFU) counted.
Transformation efficiency (expressed in cfu/μg plasmid) was calculated using equation 5
below.286
Transformation efficiency =

4.5.9

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (𝑐𝑐𝑐𝑐𝑐𝑐)
µ𝑔𝑔 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑥𝑥 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

(5)

Statistics

Data are presented as means from at least three replicate independent experiments.
Error bars presented show standard deviation (SD) of data. Statistical analysis was carried
using a one-way ANOVA test with Tukey’s post-hoc test.

120

CHAPTER 5. CONCLUSION AND FUTURE DIRECTION
DNA exists in a highly compacted state in nature. This compaction is mediated by
histones in somatic nuclei and protamines in sperm chromatin. The packaging in sperm
chromatin is among the tightest known to exist in nature, similar to viruses, and is thought
to be essential for both efficient delivery as well as protecting the paternal genetic material
against DNA-damaging species. Sperm DNA damage affects reproductive health in several
ways. Beyond just fertility impairments, there is also the risk of transmission of genetic
diseases to offspring. This dissertation investigated further the degree to which packaging
relates to DNA protection in the condensed state.
Chapter 2 explored how polycation lengths altered the packaging of DNA and
susceptibility to AAPH-induced free radical damage within condensed DNA nanoparticles.
We showed that the protection from free radical insult depends not only on the packaging
density in the condensate but also on the nature of the condensing polycation. Specifically,
the chain length of polycation was also revealed to impact DNA protection from radical
assault. Comparing similar length polycations, we found protection against radical-induced
damage increases with tighter DNA packaging. However, when comparing cations of
different length, or charge, the protection of condensed DNA was much greater for long
polycations regardless of the DNA packaging. MD simulations reveal that the greater
damage in DNA condensed by oligocations is likely due to the intrinsic dynamic behavior
of the polycation within the DNA-polycation assemblies. Shorter polycation chains form
less-stable interactions with DNA. Their increased mobility within polyplexes likely
allows for easier access of radical species, leading to greater accumulation of DNA
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damage. These considerations could have ramifications in fields like nonviral gene
delivery, where the long-term stability of the DNA vector must be considered.
In chapters 3, we investigated the impact of polycation chemistry on the resulting
oxidative damage by Fenton reagent in peptide-condensed DNA. Arginine-rich
oligopeptides were chosen as mimics for the protamine condensed DNA in sperm
chromatin. We revealed that incorporation of negatively charged phosphorylated amino
acids into these oligoarginine peptides results in reduced DNA packaging density, allowing
for significantly greater free radical-induced damage within DNA condensates. We also
used the oxidized nucleobase lesion-specific enzymes formamidopyrimidine DNA
glycosylase and endonuclease VIII to quantify DNA oxidation. Polyplexes with reduced
packaging density allowed not only more strand breaks but also base oxidation. The effect
of common radical species scavengers in ameliorating radical-mediated DNA damage in
the condensed state was also studied. We show that multiple radical species are present in
the Fenton reagent and contributing to DNA damage in both uncondensed and condensed
DNA. We concluded in chapter 3 that while radical scavengers ameliorate DNA damage,
this is attenuated in DNA packaged with a phosphorylated oligoarginine peptide.
Chapter 4 focuses on the radioprotection of condensed DNA to ionizing radiation
in our protamine mimics. Radiosensitivity assays were used to examine x-ray irradiation
of pUC19 plasmids for comparison to condensed pUC19 DNA. Tight packaging of plasmid
DNA, by hexaarginine peptides R6, shows nearly identical protection to ionized-induced
damage, both strand breaks and oxidized base lesions, to reconstituted protamine-DNA.
This supports our use of hexaarginine as a mimic for radioprotection within sperm
chromatin. Similar to our results on free radical induced DNA damage, the incorporation
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of a negatively charged phosphate moiety into our arginine peptides results in significant
decrease in the radioprotection within the resulting condensates. At high radiation
exposures, the incorporation of a phosphoserine into hexaarginine peptide-condensed DNA
results in 3-fold greater single strand breaks with a relative protective efficiency that is 2
to 4 folds lower than the corresponding unphosphorylated hexaarginine. Further,
investigation of plasmid viability using bacterial transformation assay showed that DNA
from irradiated reconstituted chromatin formed with phosphorylated oligoarginine peptides
has a 3-fold reduced transformation efficiency. The findings here shed further light on the
impact of phosphorylation in sperm chromatin mispackaging and its relation to the
accumulation of DNA damage
Future complementary experiments to this work would include the utilization of
other DNA damage measuring technique such as LC-MS. This would provide information
on the exact DNA damage product(s) formed. Guanine is generally accepted to be most
easily oxidized due to its reduced redox potential compared to the other nucleobases in
DNA. The oxidized form of guanine 8-oxo-7,8-dihydro-2′-deoxyguanine (8-oxoG), may
be further oxidized to products such as Guanidinohydantoin (Gh), 2,2,4-triamino-5(2H)oxazolone (Oz), spiroiminodihydantoin (Sp), or iminoallantoin (Ia).287,

288

LC-MS of

peptide-condensed DNA exposed to radical damage will unravel whether damage in the
condensed state is preferentially funneled through either of Gh, Oz, Sp, Ia; is evenly
distributed among different oxidized bases; or depends on the specific reaction conditions
employed.
Other future directions include a more detailed study of protamine post translational
modifications. It is now known that protamines are modified by a range of PTMs. Prior
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and current work in the DeRouchey lab have illuminated the importance of disulfide bond
formation in correct sperm chromatin packaging, as well as the potential for formation of
zinc fingers to alter DNA packaging. Brunner et al57 revealed that only specific
combinations of PTMs co-occur on individual protamine molecules. This therefore raises
questions of how alterations in one PTM affect other PTMs, and the downstream effects
on sperm chromatin packaging, DNA damage accumulation and fertility. Furthermore,
recent finding by the Hammoud lab289 on the impact of single residue mutations in
protamine opens more questions as to the effects mutations in amino acid residues not
thought to be crucial for DNA binding by protamine may elicit on the integrity of sperm
chromatin structure.
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APPENDICES

APPENDIX 1 Optimizing separation of pUC19 conformations in agarose gel
DNA migration in gel electrophoresis dependent on several factors including size
of DNA, conformation of DNA, agarose concentration, and voltage applied.290 For a
sample of plasmid DNA, distinct separation based on the conformations of the plasmid
(SC, OC and linear) will depend on the agarose concentration. We loaded samples of
pUC19 containing all 3 plasmid conformations in agarose gels of different concentrations.
Gels were run for 90 minutes and then stained in ethidium bromide, de-stained and
visualized. We observed good separation between supercoiled and open coiled DNA in
0.8% agarose (Figure A-1). However, the linear band and open coil bands are not well
separated. Raising the agarose concentration to 1.3% generates very clear distinction
between all 3 conformations in pUC19. In the case of pBR322, 0.8% agarose is sufficient
to obtain clear separation of all bands. This is due to the difference in plasmid size between
pUC19 and pBR322. While pUC19 has 2686 base pairs, pBR322 is ~ 40% larger with
4361 base pairs. This results in a much larger open coil for pBR322 that migrates
significantly slower, leading to good separation in 0.8 % agarose.

Figure A 1 Migration of pUC19 and pBR322 conformations in agarose of different
concentrations
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APPENDIX 2 Determination of Correction factor for pUC19 and pBR322
Supercoiled DNA is less fluorescent than either OC or linear DNA. To account for
this disparity, a correction factor needs to be applied to SC DNA to accurately quantify.
The correction factor applied for SC DNA depends on several factors including the type of
plasmid, dye used for staining and buffer used.291 We prepared samples of pUC19 and
pBR322 containing linear and SC DNA of known ratios and separated them on agarose
gels. pUC19 samples were prepared in 10 mM Tris, while pBR322 was prepared in 0.1X
PBS. The choice of different buffers was specifically to adjust for the buffer systems used
in chapters 2-4. The band intensities of SC and linear DNA were measured and plotted as
shown in Figure A-2a (pUC19) and Figure A-2b (pBR322).
Intensity increases linearly with the amount of both linear and SC conformations.
However, the increase in linear DNA is larger than for SC DNA (due to the greater
fluorescence intensity of linear DNA compared to SC). Slopes of both conformation plots
were calculated, and the ratios determined. The ratio of linear slope : SC slope gives the
correction factor that needs to be applied to SC DNA in all quantification experiments. We
calculated a correction factor of 1.25 for pUC19, and 1.52 for pBR322.
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Figure A 2 Determination of correction factor for (a) pUC19 and (b) pBR322
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APPENDIX 3 Optimization of Fpg and Endo VIII reactions for oxidized base
cleavage
To determine the optimum concentration of Fpg and Endo VIII required for
maximum cleavage of oxidized bases, we treated pUC19 DNA with 50 µM AAPH, and
Fenton with 100 µM FeSO4 + 1 mM H2O2. Next, we cleaned up the samples and carried
out Fpg and Endo VIII reactions as described in the methods sections of chapters 3 and 4.
Fpg and Endo VIII were added at varying concentrations (20 -200 U/mL). The gel
electrophoresis images as shown in Fig A-3 revealed that beyond 50 U/mL, further nicking
in pUC19 DNA strands treated with Fpg does not occur. For Endo VIII, 20 U/mL is
sufficient for creating nicks at points of oxidized pyrimidines.

Figure A 3 Calibration of endonucleases specific for oxidized purine and pyrimidine bases.
Gel images show uncondensed DNA treated with (a) 50 µM AAPH (b) 100 µM FeSO4 +
1 mM H2O2 (c) 50 µM AAPH and (d) 100 µM FeSO4 + 1 mM H2O2 then incubated with
Fpg or Endonuclease VIII. Panels (a) and (b) were treated with Fpg, while panels (c) and
(d) were treated with Endonuclease VIII.
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APPENDIX 4 Formula for N/P ratio calculation
The N/P ratio is a ratio of the moles of the amine group (from the cationic peptide)
to the moles of phosphate (from the DNA). DNA condensation with polycations was
usually done at specific N/P ratios. To calculate the N/P ratio, we utilized the following
formula as described in Ye et al.292

N/P ratio =

[𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃] 𝑥𝑥 𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑀𝑀𝑀𝑀 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

� [𝐷𝐷𝐷𝐷𝐷𝐷]

𝑀𝑀𝑀𝑀 𝐷𝐷𝐷𝐷𝐷𝐷

Where:
[Polycation] = the amount of the polycation,
ncation = the charge of the polycation
MW polycation = the molecular weight of the polycation,
[DNA] = the amount of DNA
MW DNA = the molecular weight of DNA. The molecular weight of DNA used is for 1
nucleotide (325 g/mol) as each nucleotide has a charge of -1.
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APPENDIX 5 Workflow of DNA damage experiment
Figure A-4 shows a typical workflow for DNA damage experiment starting from
plasmid condensation with polycation and ending with quantification of damage. Further
notes for *1-3 are as follows: *1 = We utilized dextran sulfate to decondense samples not
prepped for Fpg / Endo VIII treatment. i.e., samples decondensed with dextran sulfate
follow the path of *2. For samples decondensed with 5M NaCl, a final concentration of
1.8-2.5 M NaCl is sufficient to fully decondense DNA samples. *3 indicates samples
decondensed with NaCl and cleaned up but not treated with Fpg or Endo VIII.

Figure A 4 Workflow diagram for DNA damage experiment procedure.
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APPENDIX 6. Gel loading dye recipe
To save cost, we formulated our own in-house agarose gel loading dye as shown in
Table A-1 below. In this recipe, we use just one colored dye – bromophenol blue as our
marker. In our agarose gels, bromophenol blue travels about 2 times faster than the DNA
samples. Procedure for preparation involves dissolution of the bromophenol blue in water
and then addition of all other components. Once mixed, a slightly viscous, intense blue
colored solution is obtained. The viscosity is from the glycerol (which is 30% in the final
loading dye). The denser glycerol ensures that DNA samples sink into agarose gel wells
before electrophoresis.

Table A 1 6X gel loading buffer recipe
Component
Bromophenol blue
99.5 % glycerol
1M Tris Cl (Ph 7.4)
0.5 M EDTA
DI H2O

Amount
0.003g
1.50 mL
100 µL
1.20 mL
2.20 mL

APPENDIX 7. Evaluation of the antioxidant activity of protamine
To evaluate the antioxidant activity of protamine, we utilized the 2,2-azino-bis (3ethylbenzo-thiazoline-6-sulfonic acid radical (ABTS.+) assay as well as the hydroxyl
radical scavenging assay. ABTS.+ assay was carried out using the procedure in Boudebbous
et al
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with slight modifications. This assay works on the principle of antioxidant

scavenging ABTS.+ radicals. First, aqueous solutions of ABTS (14 mM) and ammonium
persulfate (5.8 mM) were prepared. ABTS.+ were generated by mixing both solutions
together in a 1:1 ratio to give a final ABTS concentration of 7 mM. The mixture was then
covered with foil and kept in the dark for 12 – 16 hours minimum to allow for radical
formation. After radical formation, ABTS.+ was diluted with water to an absorbance of
~0.40 at 734 nm. Next, 10 µL of protamine samples were pipetted into wells of a 96wellplate and then 190 µL of ABTS.+ added to all samples at the same time using a
multichannel pipette. Samples were incubated at room temperature for 5 minutes and then
absorbance read at 734 nm. Trolox was utilized as a reference antioxidant against which to
compare protamine. A Trolox calibration curve was prepared, and results of samples
expressed as Trolox equivalence antioxidant capacity (TEAC).
Figure A-5 shows our TEAC calibration curve. Scavenging of ABTS.+ by
antioxidants such as Trolox results in decolorization of ABTS detected as a decrease in
absorbance 734 nm. Table A-2 shows A734 for three different protamines. All protamines
are observed to show no ABTS.+ radical scavenging with absorbance values comparable to
zero Trolox.
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Figure A 5 TEAC calibration curve. Absorbance of ABTS.+ drops with increasing
antioxidant concentration.

Table A 2 TEAC of protamines from salmon and herring.

Protamine
Salmon protamine chloride
Salmon protamine sulfate
Herring protamine sulfate

A734
0.333
0.333
0.336

To confirm the results of the ABTS.+ assay, we also evaluated antioxidant activity
of protamine using the hydroxyl radical scavenging assay. This was done with slight
modification to the method as described by Wang et al294. Fresh stock solutions of 6 mM
H2O2, 6 mM FeSO4 and 6 mM salicylic acid were prepared immediately before use. Next,
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50 µL of FeSO4 and 100 µL of H2O2 were added to 50 µL of test samples and incubated
for 10 minutes at room temperature. After 10 minutes, 50 µL of salicylic acid was added
to the samples and then incubated for 30 minutes at room temperature. Absorbance was
then read at 510 nm. Ascorbic acid was utilized as a reference antioxidant against which to
compare protamine.
This assay works on the principle that when mixed, FeSO4 and H2O2 generate
hydroxyl radicals. Upon addition of salicylic acid (2-hydroxybenzoic acid), a purple
colored dihydroxybenzoic acid (DHBA) is formed and can be measured. Samples with
strong radical scavenging activities would form less intense colored complexes and vice
versa. Hydroxyl radical scavenging was measured using the formula below.

Scavenging % = �1 −

Asample

Acontrol

� x 100

Where Asample is the absorbance of the sample and Acontrol is the absorbance of distilled
water subjected to all other sample treatments.
Table A-3 shows the hydroxyl radical scavenging activity of protamines compared to
ascorbic acid at equivalent concentration (5 mg/mL). The results show that compared to a
standard antioxidant, protamine does not possess significant radical scavenging activity.
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Table A 3 Hydroxyl radical scavenging of protamine compared to ascorbic acid.

Salmon protamine chloride
Salmon protamine sulfate
Herring protamine sulfate
Ascorbic acid
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% Scavenging
22.73
37.78
38.18
71.82
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